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ABSTRACT 
Sodium Potassium Niobate-based Lead-free Piezoelectric Ceramics: Bulk and 
Freestanding Thick Films 
Huidong Li 
Advisors: Prof. Wei-Heng Shih, Prof. Wan Y. Shih 
 
Due to the toxicity of lead, there is an urgent need to develop lead-free 
alternatives to replace the currently dominant lead-based piezoelectrics such as lead 
zirconate titanate (PZT). (Na0.5K0.5)NbO3 (NKN)-based piezoelectrics are promising 
because of their relatively high Curie temperatures and piezoelectric coefficients 
among the non-lead piezoelectrics. However, it is difficult to sinter. In this thesis 
study, a colloidal coating method was developed to improve the sintering of NKN. 
With this coating method, NKN with good piezoelectric properties can be produced 
without cold isostatic pressing. To improve the piezoelectric performance of NKN, 
we performed antimony (Sb) doping studies for a NKN-LN solid solution using the 
coating approach. It was found that Sb doping greatly improved the density and the 
piezoelectric properties of the NKN-LiNbO3 solid solution and optimized 
performance was found at 4%Sb. The reasons for the improved piezoelectric 
properties and density were discussed. Recently, a large enhancement in the 
piezoelectric performance under electric fields was discovered in polycrystalline lead 
magnesium niobate-lead titanate (PMN-PT) when the material was made into 
freestanding film geometry. Here, for the first time, we show a similar effect was also 
observed in a lead-free system, (Na0.5K0.5)0.945Li0.055Nb0.96Sb0.04O3. At 6-8 kV/cm, a 
xv 
 
giant –d31 value of 1700 pm/V was achieved, 20 times higher than the value of bulk 
counterpart. The enhancement was found to result from the ease of domain motion 
imparted by the freestanding film geometry, and the magnitude of the enhancement 
can be affected by the electrode layer (a non-piezoelectric) thickness. The 
freestanding geometry provides a new approach to greatly improve the piezoelectric 
performance of the current lead-free systems. 
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1: INTRODUCTION AND MOTIVATION 
 
The goal of this thesis work is to improve the sintering and piezoelectric 
performance of a lead-free piezoelectric ceramic, sodium potassium niobate, through 
novel ceramic processing techniques such as a colloidal coating method and 
freestanding thick film geometry, respectively, in attempt to bring the piezoelectric 
performance level of lead-free polycrystalline piezoelectric materials to that 
comparable or even better than that of lead-based polycrystalline piezoelectrics. 
Materials that have the ability of generating an electric potential in response to 
applied mechanical stress are called piezoelectric materials or piezoelectrics. This 
conversion from mechanical energy to electric energy exhibited by a piezoelectric 
material is known as the “direct piezoelectric effect”. This effect is also reversible, 
namely, when an electric field is applied to this material, strain will be induced, i. e. 
the “converse piezoelectric effect”. The direct piezoelectric effect was first 
demonstrated by the brothers Pierre Curie and Jacques Curie in 1880 using crystals 
such as quartz and Rochelle salt (sodium potassium tartrate tetrahydrate), and the 
converse effect was demonstrated a year later. 
Such unique properties of piezoelectrics enable people to utilize them in a 
wide range of applications. The direct piezoelectric effect is used in sensing 
applications, such as in displacement or force sensors. The converse piezoelectric 
effect is used in actuation applications, such as in the devices that generate sonic or 
ultrasonic signals, or in positioning control devices. 
2 
 
To date, the most widely used piezoelectrics belong to the lead zirconate 
titanate (PZT) family because of its superior piezoelectric properties. However, the 
hazardous lead content present within these materials raises serious environmental 
concerns. For example, in the typical composition of PZT, Pb(Zr0.53Ti0.47)O3, lead 
takes up to more than 60 wt.% of the material. 
The toxicity of lead presents serious threat to human health. Once absorbed by 
a human body, lead occupies the bonding sites where calcium is supposed to be. 
Because calcium is a crucial messenger to nerve pulse transmission, heart activity and 
blood clotting, the replacement by lead disrupts the functioning of brain 
neurotransmitter and the central nervous system is seriously jeopardized. Moreover, 
lead can accumulate in human organisms and is difficult to remove.
1
  
There are two major ways that lead gets into the environment: the disposal of 
discarded lead-contained devices and the evaporation of lead oxide during the 
processing of lead-based materials. Most wastes are disposed of by the landfill 
method. After lead-containing devices are buried in the ground, toxic lead can 
dissolve into the underground water during the acid rain falls contaminating the water 
source that people need for everyday life. During the processing of lead-based 
materials, the evaporation of lead oxide is inevitable due to its low melting point 
(888°C) and high vapor pressure.  
In addition, in the biosensing applications where the biosensor needs to be 
utilized inside human body, it’s required that the sensing materials, for instance the 
piezoelectrics, need to be biocompatible with the interior environment of human body. 
3 
 
Lead-based piezoelectrics are obviously not suitable for these applications.  
With the above concerns, regulations and policies against lead-based materials 
have been increasingly enacted throughout the world. According to “the restriction of 
the use of certain hazardous substances in electrical and electronic equipment” (RoHS) 
of European Union, from 1 July, 2006, the new electrical and electronic equipment 
put on the market can not contain lead.
2
 In Asia, China
3
, Japan
4
 and South Korea
5
 
have also enacted similar policies and legislation to control the usage of lead-
containing materials. However, lead-based piezoelectrics are exempted from the list 
of the banned materials in these directives or regulations due to the fact that the 
piezoelectric properties of current lead-free candidates to date were still inferior to the 
lead-based materials.   
Therefore, there has been a growing interest in developing alternative lead-
free piezoelectric materials that can eventually replace the current lead-based ones. 
Intensive research effort has been spent on the related studies all around the world for 
over two decades. 
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2: INTRODUCTION OF LEAD-FREE PIEZOELECTRIC CERAMICS 
AND SPECIFIC RESEARCH OBJECTIVES. 
 
This chapter covers the fundamentals of piezoelectrics, perovskite 
piezoelectric ceramics and reviews current research status of lead-free piezoelectrics 
with special focus on sodium potassium niobate [(Na0.5K0.5)NbO3 or NKN], the main 
material system on which the research of this thesis work is centered. The challenges 
for lead-free materials to replace lead-based families and the approaches to improve 
the piezoelectric performance of lead-free systems are summarized, followed by the 
objectives of this thesis. 
 
2.1 Fundamentals of perovskite piezoelectric ceramics 
2.1.1 Basics of piezoelectric materials 
Only the materials that have no center of symmetry in their crystalline 
structures possess piezoelectricity. For the direct piezoelectric effect, when a 
mechanical stress T is applied to the piezoelectric material, the charge generated is 
proportional to the force. The general equations that relate the electric and elastic 
variables can be written as: 
𝐷 = 𝑑𝑇 + 𝜀𝑇𝐸          (2.1) 
where D is dielectric displacement (electric flux density per unit area) and d is 
called piezoelectric charge constant (or “piezoelectric constant” in short) that has an 
5 
 
unit of coulombs/Newton. It can be understood as induced polarization per unit stress. 
εT is the permittivity while the stress remains constant.  
For the converse piezoelectric effect, the induced strain S can be expressed in 
terms of the applied electric field E. 
𝑆 = 𝑠𝐸𝑇 + 𝑑𝐸          (2.2) 
In this case d has a unit of meters/Volt. s
E
 is the elastic compliance and 
remains constant under the electric field. Although this unit of d is different from 
what is used for the direct effect, the coefficient d has a numerically identical value to 
what is shown in equations (2.1) and (2.2). It can be understood as induced strain per 
unit electric field. 
In practice, because piezoelectric materials are anisotropic, the response to an 
applied electric field or the mechanical force in different directions can be very 
different. Therefore, 𝑑  is actually a tensor and many other physical properties of 
piezoelectric materials have two subscripts (1, 2 or 3) that indicate the directions of 
two related quantities. By convention, the subscript 3 denotes the poling direction of 
the material. 1 and 2 are two arbitrarily chosen orthogonal axes in the plane normal to 
3. For piezoelectric charge constant dij, the first subscript denotes the direction of 
polarization generated in the material or the direction of the applied electric field. The 
second subscript denotes the direction of the applied stress or the induced strain, 
respectively. For example, d33 represents the induced polarization in direction 3 per 
unit stress applied along direction 3. d31 represents the induced strain along direction 
1 (perpendicular to direction 3) per unit electric field applied along direction 3. 
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The electrical-mechanical energy conversion efficiency of a piezoelectric 
element can be indicated by electromechanical coupling factor k. The square of k 
measures the fraction of the mechanical energy delivered into the piezoelectric 
element converted to electrical energy (or vice versa), namely 
𝑘2 =
𝑖𝑛𝑝𝑢𝑡 𝑚𝑒𝑐𝑕𝑎𝑛𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
𝑖𝑛𝑝𝑢𝑡 𝑚𝑒𝑐𝑕𝑎𝑛𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
      2.3  
or 
𝑘2 =
𝑖𝑛𝑝𝑢𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝑚𝑒𝑐𝑕𝑎𝑛𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
𝑖𝑛𝑝𝑢𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
      2.4  
In practice, because the conversion between the two forms of energy is never 
complete, k
2
 is always smaller than 1 (so is k). The actual expression of k is dictated 
by the shape of the piezoelectric element. For example, for a thin piezoelectric 
ceramic disc, the planar coupling factor, kp , is used to express radial coupling, i. e. 
the coupling between an electric field parallel to the direction along which the 
ceramic is polarized and mechanical response that causes radial vibrations, relative to 
the poling direction. kp is related to the piezoelectric constant d and the dielectric 
constant 𝜀3
𝑇: 
𝑘𝑝 =
𝑑31
 2/[𝜀3
𝑇 𝑠11
𝐸 + 𝑠12
𝐸  ]
          (2.5) 
There is a group of piezoelectrics called ferroelectric materials that exhibit 
spontaneous polarization, namely, polarization in the absence of an electric field. This 
spontaneous polarization is a result of the positioning of the cations and anions within 
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the unit cell of the material when the temperature is below a characteristic 
temperature (called Curie temperature or Tc). The direction of the spontaneous 
polarization can be switched by an external electric field. Ferroelectric materials 
commonly display very high dielectric constant at low frequencies. Many of them 
have fairly good piezoelectric properties after the spontaneous polarization within the 
unit cells are aligned by an application of an electric field. 
Ceramics are polycrystalline. In other words, a ceramic can be thought of as 
an agglomeration of small crystals (or grains) fitted together in a random manner in 
terms of the crystalline orientation within each individual grain. At a temperature 
below the Curie temperature, a ferroelectric ceramic lengthens along the direction of 
the polar axis so dipoles form in individual grains. But because of the random 
orientation of grains resulting in the cancelation of polarization from each grain, the 
net polarization of the ceramic is therefore zero even though the individual grains 
may be strongly piezoelectric. Thus, in order to polarize a ferroelectric ceramic so it 
can be piezoelectric, an electric field is required to switch the polar axis to the 
direction nearest to that of the field and allowed by the crystalline symmetry. This 
process is called “poling”. After poling, a ferroelectric ceramic can resemble a 
piezoelectric single crystal because it now has a net polarization.  
Although a ferroelectric ceramic can “resemble” by lining up their polar axes 
to an extent through poling, its piezoelectric performance is always much lower than 
that of its single crystal counterpart. But because ferroelectric ceramics are normally 
much easier to fabricate than single crystals and the fabrication and their processing 
are also more economical, they are widely used in most of piezoelectric applications 
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where extremely high piezoelectricity is not required. 
2.1.2 Perovskite ferroelectrics 
Perovskite piezoelectrics are of the great importance among all the 
piezoelectric ceramics because most of the piezoelectric materials used today belong 
to this family. This structure has a general formula ABO3 and may be described as a 
simple cubic unit cell with the corners occupied by a large cation (“A”, such as Pb, 
Ba, Ca, K, Na, etc.), a smaller cation (“B”, such as Ti, Nb, Mg, Zr, etc.) and oxygens 
in the face centers, as shown in Figure 2.1. 
 
 This structure can also be visualized as corner-linked oxygen octahedra with 
a small cation sitting in the center (B) of the octahedron and a large cation (A) filling 
the dodecahedral hole in between the oxygen octahedral. In practice, any structure 
similar to what is shown in Figure 2.1 but slightly distorted can be considered a 
A 
B 
O 
Figure 2.1 Schematic of the perovskite structure (ABO3) 
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perovskite. Also, in some cases, there can be multiple cations in the A site or B site. 
For instance, PZT has both Zr and Ti at the B site; one of the major lead-free 
piezoelectric candidates, which is also the main material system this thesis study is 
focused on, sodium potassium niobate (NKN), has both Na and K at the A site.  
How well a variety of cations can fit together to form the perovskite structure 
can be empirically predicted by the following relationship: 
𝑡 =
 𝑅𝐴 + 𝑅𝑂 
 2 𝑅𝐵 + 𝑅𝑜 
          (2.6) 
where t is called “tolerance factor” and RA, RB and RO the ionic radii of the A, B 
cations and oxygen, respectively. If the bonding between all the ions in the perovskite 
structure is ideally ionic, for a perfectly fit perosvkite structure, the tolerance factor is 
1.0. 
6
 The empirical rule of using t to predict the structure of a perovskite material is 
that when 0.95 < t < 1.0, the structures are cubic, those with t < 0.95 tend to be 
slightly distorted but non-ferroelectric, and those with t slightly greater than 1 are 
ferroelectric.
7-9
 
A typical perovskite material, barium titanate (BaTiO3), was the first 
piezoelectric ceramic in which ferroelectric behavior was discovered. It is widely 
used because of its substantially high coupling factors and relatively good operation 
temperature range. To obtain a ferroelectric that has exceptional piezoelectric 
performance, different perovskite piezoelectrics can be mixed to produce a perovskite 
solid solution. A good example is the most popular piezoelectric material to date: 
PZT, which is a solid solution of lead zirconate and lead titanate, both of which are 
10 
 
perovskite. 
 
2.2 Lead-based piezoelectric materials 
Most of the used piezoelectric materials used today are lead-based. The PZT 
family mentioned above is the most common one. PZT dominates the field of 
piezoelectrics because strong piezoelectric effects are shown in this material, 
especially at the compositions near the morphotropic phase boundary 
[Pb(Zr0.52Ti0.48)O3].  The morphotropic phase boundary of PZT is almost vertical in 
the phase diagram, as shown in Figure 2.2,
10
 which maintains the excellent 
piezoelectric properties across a wide temperature change.  
 
Figure 2.2 Phase diagram of lead zirconate titanate
10
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Besides PZT, some newer generations of lead-based piezoelectrics that exhibit 
exceptional piezoelectric properties were also created by combining PbTiO3 (PT) 
with some lead-based ferroelectrics such as Pb(Zn1/3Nb2/3)O3 (PZN) and 
Pb(Mg1/3Nb2/3)O3 (PMN) to form solid solutions. The d33 of the <001>-cut PZN-PT 
single crystal with the near-MPB composition (10%PT) is as high as 2500 pC/N
11
 and 
that of PMN-PT crystals with MPB compositions (35%PT) is 1500 pC/N. 
12
 
Moreover, these materials also show very high dielectric constants at room 
temperature owing to the broadening of the permittivity peak around the Curie 
temperature. 
 
2.3 Current lead-free piezoelectric materials 
As introduced in Chapter 1, the quest for lead-free piezoelectric alternatives 
has been increasing around the globe. Among all the lead-free piezoelectric materials, 
two classes have drawn the most attention: bismuth layer structured ferroelectrics 
(BLSF) and perovskite structured ferroelectrics. 
A typical structure of BLSF 
13
 is shown in Figure 2.3. The structure consists 
of perovskite layers and (Bi2O2)
2+
 layers that separate the perovskite layers 
periodically. This class of compounds normally can be described by the formula: 
(Bi2O2)
2+
 (Mm-1RmO3m+1)
2-
, e.g., Bi4Ti3O12 and Bi4BaTi4O15. The crystal structure is 
composed of pseudo-perovskite blocks (Mm-1RmO3m+1)
2-
 interleaved with (Bi2O2)
2+ 
layers. The m in the formula is the number of perovskite units within each perovskite 
layer. The layer structure makes the grains in polycrystalline BLSF having plate-like 
12 
 
morphology. BLSF usually have high Curie temperatures (600°C~900°C),
 14,15
 much 
higher than those of the lead-based materials (200°C~400°C), making BLSF good 
candidates for applications at high temperatures. Nevertheless, the drawback of BLSF 
is as evident as their advantage. Due to the anisotropic nature of their structures, the 
switching of the spontaneous polarization within the materials during poling is 
limited within a two-dimensional plane
16,17
 (the ab plane shown in Figure 2.3), 
resulting in the low piezoelectric properties in BLSF. The d33 of these materials are 
normally lower than 20 pC/N, which is one order of magnitude lower than those of 
lead-based piezoelectrics. 
 
In contrast, perovskite lead-free piezoelectric ceramics are of more importance 
because most members of this family possess good piezoelectric properties compared 
Figure 2.3 Bismuth layer structure
13 
13 
 
with BLSF. Barium titanate (BaTiO3) is a typical example. Polycrystalline BaTiO3 
has dielectric constants of a few thousand and piezoelectric coefficients close to 200 
pC/N.
 18
 But the Curie temperature of BaTiO3 is too low (120°C) for many 
applications. 
Two systems of this family, (Bi1/2Na1/2)TiO3 (BNT) and (Na0.5K0.5)NbO3 
(NKN), have drawn a great deal of attention in recent years. (Bi1/2Na1/2)TiO3 shows 
large remnant polarization (38 μC/cm2). But it has a large coercive field (73 kV/cm) 19 
and a ferroelectric-to-antiferroelectric phase transition at around 200°C. On the other 
hand, sodium potassium niobate, Na0.5K0.5NbO3, is a good candidate because it has a 
fairly high Curie temperature (420°C). However, it’s difficult to obtain fully dense 
Na0.5K0.5NbO3 ceramics by ordinary sintering. Cold isostatic pressing (CIP) or hot-
pressing is required to form Na0.5K0.5NbO3 green compacts.
20-23
 It’s been reported that 
hot-pressed Na0.5K0.5NbO3 possesses high remnant polarization (33 μC/cm
2
),
 
large 
longitudinal piezoelectric coefficient (d33=160 pC/N) and high planar coupling factor 
(0.45).
24
 Saito et al. has successfully textured a Na0.5K0.5NbO3-based material, LF4 
[or (K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O3], and achieved the best piezoelectric 
coefficients (d33=416 pC/N and d31=-152 pC/N) of all the lead-free systems.
25
 
Some novel sintering aids (K4CuNb8O23 
26,27
 and K5.4CuTa10O29 
28,29
) have 
been developed to improve the sintering of Na0.5K0.5NbO3. The microstructures were 
demonstrated to be much denser than those of NKN sintered without them.
 30-32
 But in 
those studies, CIP was still used to obtain the green compacts.  
The comparisons of the electrical properties between current major lead-free 
14 
 
systems and PZT are listed in Table 2.1: 
 
 
 
 
Table 2.1: Electrical property comparisons between current major lead-free systems 
and PZT 
 
BLSF Perovskite structured ferroelectrics 
Bi4Ti3O12 BaTiO3 (Bi1/2Na1/2)TiO3 (Na0.5K0.5)NbO3 PZT 
Curie 
temperature 
(°C) 
683 120 320 420 300~400 
d33 (pC/N) <10 190 120~200 100~416 200~500 
d31 (pC/N) ---- -78 -7.5 -30~-152 -130 
Dielectric 
constant (at 
1 kHz) 
100~200 1500~6000 ~1700 200~500 1000~4000 
References [10] [10] [33] [20,24,25] [10] 
 
 
Figure 2.4(a) and (b) explicitly summarize the dielectric permittivity, piezoelectric 
coefficients as functions of Curie temperature for the current lead-free piezoelectrics 
in contrast to those of the PZT.
34
 In practice, although piezoelectric performance 
evidently is the ultimate criteria to judge how good a piezoelectric is, a high Curie 
temperature is also strongly desired in order to provide a wide temperature range of 
operation and ensure the stability of the material performance. As shown in these two 
figures, one may notice that an empirical phenomenon is that high piezoelectric 
coefficient and dielectric permittivity normally comes at the price of lowering the 
Curie temperature. Na0.5K0.5NbO3-based materials present a clear-cut advantage in 
possessing high piezoelectric performance while maintaining high Curie temperature. 
15 
 
In Figure 2.4, it is also quite evident that the overall level of the piezoelectric 
performance of lead-free ceramics currently is still below that of PZT. 
  
 
(b) 
(a) 
Figure 2.4 Property comparisons between PZT materials and lead-free 
materials: (a) dielectric permittivity as a function of Curie temperature; 
(b) piezoelectric coefficient as a function of temperature.
34 
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2.4 Current approaches to improve piezoelectrics  
Apparently, the piezoelectric properties of most the major lead-free systems 
mentioned above are lower than those of the PZT family. Various methods have been 
developed to improve the piezoelectric properties of piezoelectrics. 
 
2.4.1 Construct solid solutions near morphotropic phase boundaries 
Morphotropic phase boundary (MPB) of a solid solution is an intrinsic region 
of a phase diagram where two or more different phases coexist. In many lead-based 
systems, it has been shown that the solid solutions of piezoelectric materials usually 
show the maximums of their piezoelectric properties (piezoelectric coefficients and 
electromechanical coupling factors) as well as dielectric constants at the compositions 
near the MPBs. For example, the piezoelectric coefficients of PZT with compositions 
near the MPB (Pb(Zr0.52Ti0.48)O3) are showed in Figure 2.5.
10
  
 
Figure 2.5 Variation of room temperature piezoelectric coefficients 
of PZT near the MPB. 
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The reason that these properties show the maximum at the MPB can be explained 
from a statistical point of view regarding the polar axis switching during the poling 
process of the materials. When a piezoelectric ceramics is poled, the different polar 
axes within the grains are forced to switch toward the directions that are allowed by 
crystallographic symmetry. Given a particular crystallographic symmetry, there are 
always a fixed number of equivalent polar axes which the dipoles can switch from. 
The numbers of polar axes of ferroelectrics with different phases are shown in Figure 
2.6. 
For instance, on the Zr-rich side of the MPB, the crystal symmetry of PZT is 
tetragonal, with 6 equivalent [001] directions as polar axes. On the Ti-rich side of the 
MPB, PZT is rhombohedral, with 8 equivalent [111] directions as polar axes. But at 
the MPB, two different phases coexist, so the switching of the polar axes in the 
Tetragonal Orthorhombic Rhombohedral 
12 x [110] 
(a) (b) (c) 
6 x [001] 8 x [111] 
Figure 2.6 Numbers of equivalent polar axes of ferroelectrics with 
different phases: (a) six [001] directions in tetragonal; (b) twelve [110] 
directions in orthorhombic; (c) eight [111] directions in rhombohedral. 
18 
 
material under a poling field now has 14 available directions. With a larger number of 
allowable polar directions, the maximum deviation of the polar axis of a grain from 
the average polar direction becomes smaller, so that the lowering of the net 
polarization in the whole polycrystalline specimen becomes less. In other words, 
MPB combines the allowable switching directions of polar axes of different phases so 
as to make the alignment of dipoles in grains become easier. As a result, the 
piezoelectric properties of the ferroelectrics are enhanced. A number of other 
piezoelectric materials have improved their piezoelectric performance by utilizing 
this method, such as (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT) 
35,36
, (1-
x)Pb(Zn1/3Nb2/3)O3-xPbTiO3 (PZN-PT) 
11
, (Bi0.5Na0.5)TiO3-BaTiO3 (BNBT) 
37,38
. 
2.4.2 Doping 
The piezoelectric properties of piezoelectric materials can be enhanced by 
dopants with high-valence cations.  
The d33 value of undoped Pb(Zr0.52Ti0.48)O3 is 223 pC/N and its dielectric 
constant is about 1180.
10
 According to the requirements of various specific 
applications, PZT ceramics of the MPB composition are modified by doping with 
cations which have valences different from Pb
2+
, Zr
4+
 and Ti
4+
. Dopants with lower 
valences, such as Na
+
, K
+
 (for the A site of perovskite) and Fe
3+
, Al
3+
, Mn
3+
 (for the 
B site of perovskite) can give rise to oxygen vacancies in the materials and “harden” 
the properties (lower dielectric constants as well as loss factors, smaller piezoelectric 
coefficients but more difficult to be poled or depolarized).
39,40
 The “hardened” PZT 
can be used for the applications that require the sustainability of material performance. 
19 
 
Whereas dopants with higher valences, such as La
3+
 (for the A site) and Nb
5+
, Sb
5+
 
(for the B site) 
41,42
 can create cation vacancies in the lattice and “soften” the 
properties of the material (higher dielectric constants accompanying larger electrical 
losses, higher piezoelectric coefficients, easier to be poled and depolarized). For 
example, after doping with Nb
5+
 in B site (where Zr or Ti sits in this case) of 
perovskite structure (ABO3), the piezoelectric coefficient d33 and dielectric constant 
of PZT are significantly enhanced (from 223 pC/N and 1180 to 374 pC/N and 1730, 
respectively). The explanation given by R. Gerson was that the cation vacancies 
created by donor doping facilitates domain wall motion. This is because domain 
switching causes high local stress in the crystalline lattices and the presence of cation 
vacancies can promote the relief of this stress. Domain switching thus becomes easier 
and the piezoelectric properties of the materials are enhanced. 
43
 The “softened” PZT 
are excellent for the applications where high piezoelectric performance is required. 
In addition, Cohen pointed out that the d-hybridization between the B cation 
and the oxygen is essential for the ferroelectricity of perovskite ferroelectrics.
44
 
Cations whose lowest unoccupied states are d-states are good candidates for this 
hybridization. The hybridization “softens” the B-O repulsion (i.e., the “rattling” of B 
ions in oxygen octahedra becomes easier, or the switching of the polarization 
direction becomes easier), so as to enhance the piezoelectricity. According to this 
theory, Saito et al.
25
 investigated using Sb
5+
 doping to increase the hybridization of B-
O bonding in NKN-LiTaO3 solid solution, thus improving the piezoelectric properties. 
The highest piezoelectric coefficient among non-textured lead-free systems, d33, of 
~300 pC/N was consequently achieved in LF4. 
20 
 
 
2.4.3 Grain size control 
Grain size has been shown to be an important factor that greatly affects 
piezoelectric properties in a number of piezoelectric systems.
45,46
 It does so in two 
ways: (1) Grain boundary is amorphous, and hence doesn’t contribute to 
ferroelectricity in a polycrystalline ferroelectric material. Smaller grain size results in 
larger fraction of grain boundary in the material, which reduces the crystalline phase 
of the whole material and consequently lowers the piezoelectric properties. (2) The 
strong coupling between grain boundary and domain walls affects domain wall 
mobility resulting in the clamping effect of grain boundary on the ferroelectric 
domains, constraining domain reorientation and limiting the piezoelectric properties 
of the materials.  
C. A. Randall et al. showed that for the Nb-doped PZT(52/48), the d33 value 
can be increased from 340 pC/N to 520 pC/N as the mean grain size was increased.
46
 
In BaTiO3, the spontaneous polarization was also found to increase as the grain size 
was increased.
45
 Thus, in order to achieve better piezoelectric properties in a 
polycrystalline piezoelectric material, larger mean grain size is favorable. 
2.4.4  Crystallographic texturing 
Crystallographic texture in polycrystalline ceramics is referred to the preferred 
crystallographic orientation of individual grains. Texturing enables the polycrystalline 
ceramics to resemble their single crystal counterparts crystallographically so that the 
favorable properties of single crystals may be achieved. Figure 2.7 shows the simple 
21 
 
schematic of the crystal lattice orientation within single crystals, normal (non-
textured) polycrystalline ceramics and ideally-textured polycrystalline ceramics. 
 
Various texturing techniques to texture polycrystalline ceramic materials have 
been developed according to the different morphologies of ceramic grains. For 
instance, BLSF have plate-like grains because of their microscopic layer structure as 
shown in Figure 2.3. When the grains of ceramics to be textured have anisotropic 
shapes, hot working techniques such as hot pressing and hot forging are usually used 
to orient the grains.
14,15,47 
These techniques make use of the motions of dislocations in 
the grains and of the slip in the grain boundaries at high temperatures to align the 
grains, so the crystalline lattices within the grains are aligned consequently.  
However, the grains of perovskite piezoelectrics are usually pseudo-
isotropically-shaped so it will not be oriented as easily by pressure. In this case, a 
technique called “templated grain growth” (TGG) is needed. 48-50 In this process, a 
Single crystals Polycrystalline ceramics 
with ideal texture 
Figure 2.7 Crystal lattice orientations within ceramic single crystals and non-
textured or ideally-textured polycrystalline ceramics. 
Polycrystalline ceramic 
without texture 
22 
 
small percentage of large anisotropic-shaped grains (templates) are mixed in a matrix 
of fine isotropic-shaped grains (the object to be oriented). With appropriate heat 
treatment, the matrix grains can be oriented to some extent by the preferential grain 
growth of large template grains. LF4T (textured LF4) was obtained by this method 
and the highest d33 value seen in lead-free piezoelectrics was achieved.
 
 
 
2.4.5 Electric-field enhanced piezoelectric coefficient of freestanding films 
Not only the compositions and the extent of grains’ crystalline orientation can 
affect the piezoelectric performance of a polycrystalline piezoelectric, the geometry 
of the material may also play an important role.  
A giant electrical-field enhancement of piezoelectric coefficients in 
Figure 2.8 SEM picture of a 22μm free-standing PMN-PT film51 
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freestanding thin 65PMN-35PT tapes was observed by Luo et al.
51,52
 It was found that 
when a PMN-PT is made into a freestanding film with 20-40 µm in thickness, the 
piezoelectric coefficients were significantly enhanced to a level similar to those of the 
single crystals. The SEM picture of a PMNPT freestanding film is shown in Figure 
2.8.  
Based on the tip displacements of cantilevers made from the freestanding 
films electroplated with Cu at different DC voltage, the d31 values of the PMN-PT 
freestanding films were calculated. The results of the freestanding PMN-PT films 
with different thicknesses are shown in Figure 2.9. As shown in Figure 2.9, the 
calculated -d31 of this film was higher than 2000 pC/N at E=10 kV/cm.
 
even higher 
Figure 2.9 d31 as a function of an applied DC electric field for the free-
standing PMN-PT films with different thicknesses
51 
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than that of commercially available <010> PMN-PT single crystals (d31=-930 pC/N)
 
53
 However, the 0.5 mm-thick PMN-PT bulk material and a 127 μm-thick ceramic 
sheet made from commercial PZT powder did not show the same phenomenon.  
The hysteresis loops of polarization vs. electrical field also showed that the 
polarization of a freestanding 0.63PMN-0.37PT tape is thickness-dependent. There 
seemed to be a strong depolarization effect present in the thinner films. A similar 
field-enhanced piezoelectric response was observed by Park and Shrout in <001>-
oriented rhombohedral PZN-PT and PMN-PT single crystals.
54
 The curve of strain vs. 
electric field of <001>-oriented PZN-0.08PT single crystal observed in that study is 
shown in Figure 2.10. This strain behavior was believed to be associated with an 
electric-field-induced rhombohedraltetragonal phase transition shown in Figure 
Figure 2.10 Strain vs E-field behavior for <001>- oriented PZN-8%PT crystal.
54 
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2.10. 
After applying the electric field along <001> direction, the possible 
polarization axes of the rhombohedral crystal inclines along <001> (step A in Figure 
2.10 and Fig. 2.11). As electric field further increases, these polarization axes 
collapse into <001> (step B in Figure 2.10 and Fig. 2.11) resulting in the field-
induced phase transition and a remarkably large strain increase. However, the same 
composition but with <111>-orientation did not show such a large piezoelectric 
response with respect to the electric field. PZN-8%PT is near the rhombohedral-
tetragonal MPB but on the rhombohedral side. This makes it easier to induce the 
rhombohedral-to-tetragonal phase transition by applying a sufficient electric field 
along a different direction from that of the polarization (<111> for rhombohedral 
tetragonal 
Step A 
Step B 
E 
E 
rhombohedral 
No E field 
Figure 2.11 Schematic of <001>-oriented rhombohedral crystals under various 
electric fields
54
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phase). Therefore, the <111>-oriented PZN-8%PT crystal did not show the same 
field-enhanced phenomenon. 
The freestanding polycrystalline 0.63PMN-0.37PT film was similar to the 
<001>-oriented PZN-8%PT thin film. It was on the tetragonal side near a 
rhombohedral-tetragonal MPB. And a-domains of the tetragonal phase (whose 
polarization points along the film plane) were favored in the freestanding film 
geometry because of the depolarization effect (the depolarization field for thin film 
geometry is zero when the polarization lays down in the film plane
55). Thus, it’s 
conceivable that the same mechanism may apply in this case when an electric field is 
applied perpendicular to the film plane. With the field increased, the in-plane 
polarization may switch to either one of <111> axes (the polarization directions of the 
rhombohedral phase) or that of a tetragonal c-domains.  
In-situ XRD results of the poled and un-poled 20 μm PMN-PT freestanding 
film with different DC biases performed to study the behavior of the ferroelectric 
domains within the thin tapes were consistent with the above speculation. The results 
are shown in Figure 2.12.
52
 The evident intensity changes of (002) and (200) peaks 
after applying an electric field indicate tetragonal ac domain switching. And the 
appearance of the rhombohedral peak in the spectrum is an evidence of the electric-
field-induced tetragonal-to-rhombohedral phase transformation. After the electric 
field was removed, the XRD pattern returned back to the original pattern indicating 
the strong depolarization effect as well as the “softness” of this PMN-PT (the ease of 
domain switching). 
27 
 
In addition, as shown in Fig. 2.8, there are only a few grains along the 
thickness direction of the film. This characteristic along with the fact that no substrate 
clamping effect is present might be the other reasons of the easy domain switching 
observed. 
(a) 
(b) 
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Figure 2.12 In-situ XRD of (a) an unpoled  and  (b)  poled 20µm 
PMN-PT freestanding film sunder various electric fields
51 
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According to the electric-field-enhancement in <001>-oriented PZN-PT and 
PMN-PT single crystals and the existing results on 0.63PMN-0.37PT freestanding 
films, we expect that the requirements for electric-field-enhancement to be observed 
in a polycrystalline freestanding film are:  
(1) The composition is near a morphotropic phase boundary separating two 
different phases, so that an electric-field-induced phase transformation will be 
relatively easy to trigger;  
(2) A strong enough depolarization effect (the internal electric field created by 
polarization charges on the outer surface of the sample) to lay the polarization down 
within the film plane; 
(3) A small number of grains along the film thickness direction and the 
substrate-free characteristic. 
 
2.5 Sodium potassium niobate-based material systems 
The major drawback of current lead-free piezoelectrics is that their 
piezoelectric performance is still far lower than that of the dominating PZT family. 
Most of the efforts to achieve the piezoelectric properties close to those of PZT are 
made in perovskite ferroelectrics. Among these materials, sodium potassium niobate, 
Na0.5K0.5NbO3 (abbreviated as NKN hereinafter), is a good candidate to replace PZT 
family because of its high Curie temperature and good piezoelectric properties. NKN 
is a solid solution of NaNbO3 and KNbO3. The phase diagram of the KNbO3-NaNbO3 
system is given in Figure 2.13. There are three morphotropic phase boundaries 
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observed in the phase diagram, located at around 52.5 mol%, 67.5 mol% and 82.5 
mol% NaNbO3 (marked by the dash lines in Figure 2.13), separating two different 
orthorhombic phases, respectively.
56
 In 1959, the dielectric and piezoelectric 
properties of (1-x)KNbO3-xNaNbO3 were reported.
20
. It was found that the 
piezoelectric properties of (1-x)KNbO3-xNaNbO3 present much less variation with 
composition than the PZT system. Around the MPB at 50 mol% NaNbO3, namely, 
Na0.5K0.5NbO3, piezoelectric performance maximum (d33=80 pC/N, kp=0.36) was 
found.
20
 Therefore, intensive research effort has been focused on the (1-x)KNbO3-
xNaNbO3 materials around this composition of those three MPBs and Na0.5K0.5NbO3 
Figure 2.13 Phase diagram of KNbO3 –NaNbO3 solid solution.
10 
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is also the matrix system investigated in this thesis, in an attempt to developing a 
better lead-free candidate. 
A major problem of undoped NKN is that it is fairly difficult to sinter in air 
using the conventional uniaxial pressing technique due to the high volatility of the 
potassium component and the high reactivity with moisture.  However, atmospheric 
firing is strongly desired for industrial production of ceramic. To improve the 
sintering of this material, various techniques were used. It was reported in 1962 that 
hot pressing greatly increased the sintered density from 4.25 g/cm
3
 to 4.46  g/cm
3
and 
the d33 of this material was improved to 160 pC/N.
24
 In recent years, approaches of 
using sintering aids were exploited. Several copper-based sintering aids have been 
developed for Na0.5K0.5NbO3, such as CuO
57,58
, K4CuNb8O23 (KCN)
26,27
 and 
K5.4Cu1.3Ta10O29 (KCT)
28,29,59
. The microstructures shown in the SEM photographs 
are much denser than those of NKN sintered without these sintering aids.
 30-32
 
However, CIP was still used to obtain the green compacts in those studies and the 
dielectric and piezoelectric properties did not show improvements despite of the 
increase in sintered density of the ceramic. 
To effectively increase the piezoelectric performance of Na0.5K0.5NbO3, a few 
other materials have been used to form perovskite solid solutions with this system and 
create morphotropic phase boundaries to seek piezoelectric property enhancement at 
the MPBs. By far, the NKN-based solid solution systems reported are: NKN-
SrTiO3
60-62
, NKN-(Bi0.5K0.5)TiO3
63
, NKN-BaTiO3
64,65
, NKN-LiTaO3
25,66-68,
 NKN-
LiNbO3
69-73
 and NKN-LiSbO3
74-76
. The lead-free material with the best piezoelectric 
coefficients (reaching the level of those of PZT) has been obtained from a NKN-Li-
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Ta-Sb system by Saito. However, to obtain the desired properties, a set of complex 
processing techniques are required, such as TGG which involves the fabrication of the 
template, tape casting and stacking tapes to make green compact.  
In summary, the piezoelectric and dielectric properties reported for all the 
current NKN-based bulk materials are listed below in Table 2.2. 
 
Table 2.2 Dielectric and piezoelectric properties of current NKN-based lead-free 
systems 
 ε/ε0 tanδ d33 (pC/N) kp Tc (°C) Reference 
NKN 290 0.04 80 0.35 420 [
20
] 
NKN  
(hot pressed) 
420 0.035 160 0.46 420 [
24
] 
NKN-Li-Ta-Sb 
(LF4T)* 
1570 --- 416 0.61 253 [
25
] 
NKN-LiTaO3 (5%) 570 0.04 200 0.36 430 [
66
] 
NKN-LiNbO3 (5%) --- --- 230 0.44 460 [
69
] 
NKN-SrTiO3 (5%) 950 --- 200 0.37 277 [
61
] 
NKN-(Bi0.5K0.5)TiO3 
(3%) 
850 0.04 192 0.45 370 [
63
] 
NKN-BaTiO3 (2%) 1000 0.04 104 0.295 358 [
64
] 
NKN-LiSbO3 (5%) 1288 0.019 283 0.50 392 [
74
] 
 * Textured. 
 
As can be seen in Table 2.2, of all the current non-textured NKN-based 
materials, the NKN modified by combination of Li and Sb gives the best piezoelectric 
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performance while maintaining high Curie temperature. In order to further engineer 
this system so as to exert its potential, the individual effect of Li and Sb on NKN 
needed to be comprehensively understood. Guo et al. has found that the maximum of 
piezoelectric properties of this system at 5-6 mol.% Li was a consequence of a MPB, 
the introduction of lithium actually resulted in a monotonic increase in the Curie 
temperature regardless of the piezoelectric maximum. However, the effect of Sb on 
the structure and the piezoelectric properties of Li-modified NKN remained unclear. 
Therefore, to fill in this void of knowledge, one of the specific objectives of this 
thesis study was to investigate the effect of varying the antimony concentration alone 
on the crystalline structure, piezoelectric and dielectric properties of NKN-LiNbO3 
with an MPB composition (5.5%). 
As discussed in section 2.4, although doping, grain size control, texturing and 
solid solutions with near-MPB compositions are the main techniques to improve the 
piezoelectric properties of piezoelectric materials, the electric-field enhancement of 
piezoelectric response found in freestanding PMN-PT films suggests a new approach 
to significantly improve the piezoelectric performance of piezoelectric materials. It 
was also of great interest to explore the possibility of translating this technique onto a 
lead-free system. 
 
2.6 Specific aims of this thesis study 
To summarize, in order to improve the piezoelectric properties of NKN, we 
first need to address its sintering problem because difficulty in sintering results in low 
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density of the ceramics, which is detrimental to the mechanical strength of the 
material as well as the piezoelectric properties. CIP is normally used to yield 
compacts with high green density for sintering NKN. However, CIP is not an 
economical technique for industrial production. A new processing method that can 
improve the sintering of NKN is required so the conventional uniaxial pressing 
technique that is widely accepted by the industry can be used. Once this method is 
developed, it can then be used to produce dense NKN-based ceramics in our 
following efforts to improve the piezoelectric performance of NKN such as doping 
and fabricating NKN-based freestanding films. 
Therefore, to realize the goal of this thesis, the specific research objectives of 
the thesis were set as follows: 
1. Develop a new ceramic processing technique to overcome the sintering 
difficulty of NKN-based materials. The approach used in this study is a 
colloidal coating method that uses Nb2O5 particles as the core and KNO3 and 
NaNO3 as the coating layer, similar to the coating method developed by H. 
Gu
77,78
 and H. Luo
51,79
 to lower the synthesis and sintering temperature of the 
PMN-PT system. 
2. Investigate the effect of varying the antimony concentration alone on the 
crystalline structure, piezoelectric and dielectric properties of NKN-LiNbO3 
with an MPB composition (5.5%). Identify the optimal composition in Sb-
doped NKN-LiNbO3 where the piezoelectric performance of the material 
maximizes; 
3. Use tape casting technique to fabricate the freestanding polycrystalline film of 
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the optimal composition identified above to investigate the electric-field 
enhancement effect in the piezoelectric response. The freestanding films are 
characterized in terms of the microstructure, dielectric and piezoelectric 
properties. The ferroelectric domain switching behavior under electric field 
was studied by means of in-situ XRD and the behavior of the dielectric 
constant under a DC bias. 
In summary, the goal of this thesis work is to use NKN as the starting material 
to develop non-textured lead-free materials that have similar to or better piezoelectric 
performance than LF4. 
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3: SYNTHESIS OF Na0.5K0.5NbO3 PIEZOELECTRICS BY A SOLUTION 
COATING APPROACH 
 
The purpose of this study is to investigate processing of NKN without the 
need of cold isostatic pressing (CIP), oxygen-atmosphere, or high energy milling with 
powders synthesized by a solution coating approach. In an earlier study, K4CuNb8O23 
(KCN) as a sintering aid has been shown to improve the stoichiometry of NKN. 
However, CIP was still needed even with KCN.
26,27
 In this study, both NKN without 
and with the sintering aid, KCN, are investigated using uniaxial pressing as the sole 
means of consolidation. The novel solution coating approach for the NKN powder 
entails coating the precursor of sodium and potassium on niobium oxide particles in 
an ethylene glycol solution followed by drying and calcination. To incorporate the 
sintering aid, calcined NKN powder was coated with the precursor solution of the 
sintering aid followed by drying. The solution coating approach was first developed 
by Gu et al. to lower the sintering temperature of lead magnesium niobate (PMN) and 
lead magnesium niobate-lead titanate solid solutions (PMN-PT) by coating Mg(OH)2 
on Nb2O5 particles.
77,78
 More recently, Luo et al. described a double precursor coating 
approach to further lower the sintering temperature of PMN-PT solids.
51,79
 In this 
chapter, the influence of two pressing techniques, CIP and uniaxial pressing, on the 
NKN powder prepared by the coating method is first investigated. The effects of the 
coating approach on NKN ceramic are examined by comparing the sintered densities, 
microstructures, elemental homogeneity and the electrical properties of NKN with the 
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KCN sintering aid made by the coating method to those of NKN made by the 
conventional solid-state reaction method.  
 
3.1 Experimental Procedure 
The starting materials used in this study were KNO3 (99%, Alfa Aesar), 
NaNO3 (99%, Alfa Aesar) and Nb2O5 powder (99.9%, Aldrich). The niobium oxide 
particles were 0.22 m in size as determined by a BET (Brunauer-Emmett-Teller) 
surface area analyzer (Nova 2200, Quantachrome). The solution coating approach 
entailed coating the sodium-potassium (Na-K) precursor on the niobium oxide 
particles by evaporating the solvent. Ethylene glycol was chose to be the solvent 
because of its high viscosity which can help stabilize the suspending Nb2O5 particles 
so as to form a homogeneous suspension during coating. On the other hand, after 
Nb2O5 powder is mixed with ethylene glycol, the polymerization of ethylene glycol at 
the end of drying stage can also promote the dispersion of the Nb2O5 powder. This 
mechanism has been demonstrated in alumina.
80
 
The Na-K precursor solution was first prepared by dissolving 4.293 g of 
NaNO3 and 5.101 g of KNO3 in 200 ml of ethylene glycol. 13.313 g of Nb2O5 
particles were then suspended in the 200 ml of Na-K precursor solution to form a 
homogeneous 0.5 M precursor suspension with 10 min stirring followed by 5 min of 
ultrasonication to break up the agglomerates. Subsequently, the precursor suspension 
was dried on a hot plate at 90°C to obtain the precursor powder. The 
thermogravimetric analysis (TGA) of this precursor powder is shown in Figure 3.1. It 
can be seen that the precursor powder showed two stages of thermal decomposition: 
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the first one started at ~200°C, corresponding to the decomposition of the organic 
species formed during the drying stage; the second stages commenced at ~600°C and 
was much more rapidly, attributed to the decomposition of the nitrates in the starting 
powders. After about 780°C, sample weight loss reached a constant indicating the 
completion of decomposition. Therefore, the precursor powder obtained from drying 
was calcined at 800°C for 2 hr prior to the sintering step.  
For comparison purposes, the conventional solid-state reaction method was 
also carried out by directly mixing 4.293 g of NaNO3, 5.101 g of KNO3 and 13.313 g 
of Nb2O5 using ball-milling for 24 hr in ethanol followed by calcination at 800°C for 
2 hr. 
To incorporate the sintering aid, the calcined NKN powder was first ball-
milled for 24 hr. 0.5 mol% of the sintering aid, KCN, was added to NKN by 
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Figure 3.1 TGA curve of NKN power precursor prepared by the coating 
method 
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suspending calcined NKN particles in the KCN precursor solution. The KCN 
precursor solution was prepared first by dissolving 0.102 g of KNO3 and 0.897 g of 
ammonium niobium oxalate hydrate (99.99%, Aldrich) in 100 ml of water. 8.600 g of 
calcined and ball-milled NKN powder was then added to the KNO3 and ammonium 
niobium oxalate (K-Nb) precursor solution followed by ultrasonication for 5 min. A 
separate copper precursor solution was prepared by dissolving 0.050 g of copper 
acetate monohydrate (99%, Aldrich) in 50 ml of water. The copper precursor solution 
was then added drop-wise at a rate of 10 drops/min to the NKN-K-Nb precursor 
suspension followed by drying on a hot plate at 90°C to form the KCN precursor-
coated NKN powder, which was subsequently calcined at 850°C for 2 hr. The above 
experimental procedures are described in the flow chart shown in Figure 3.2. 
After calcination, each NKN powder was first ball-milled for 24 hr in ethanol, 
and then mixed with PVA binder (in form of 3 wt% aqueous solution). Before 
pressing to make green compacts, the powder was granulated using 40 and 100-mesh 
sifts. The sieved powder was then uniaxially pressed at 200 MPa to form discs of 1.27 
cm in diameter. For comparison, some samples were also obtained by cold isostatic 
pressing (CIP) at 200 MPa. Before sintering, the samples were first heated to 500°C 
at a ramping rate of 3°C/min and dwell for 1 hour to burn out the binder. The 
temperature was then elevated to the sintering temperature range (1020-1140°C) at 
5°C/min and dwell for 1 or 2 hours. 
For dielectric and piezoelectric property measurements, the sintered discs 
were sanded to 0.7-0.8 mm in thickness using sandpapers (grit size: #500). Polishing 
was then done on both sides of the discs by using fine-grit sandpapers (grit size: 
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#1200). The polished discs were electroded using a Heraeus silver paste (DT1402, 
Dissolved in ethylene 
glycol (EG) 
NaNO3 (NN), KNO3 (KN) 
clear “NN+KN” in ethylene glycol solution 
Nb2O5 powder 
Stirred & ultrasonicated 
Nb2O5 in “NN+KN”  
Drying 
NKN precursor powder 
Calcination & ball-milling 
NKN powder 
Compression 
Sintering 
Final NKN ceramics 
(a) Procedure of Synthesizing NKN 
by the Coating Method 
(b) Procedure of Synthesizing NKN 
with Sintering Aid KCN 
KNO3 (KN) and ammonium niobium 
oxalate hydrate (ANO) 
Dissolved in H2O 
K-Nb precursor solution 
NKN in “KN+ANO” suspension 
Cu acetate monohydrate 
Dissolved 
in H2O 
Cu2+ solution 
NKN in KCN precursor suspension 
Dropwise with 
stirring 
Drying & heat treatment at 850°C 
KCN-coated NKN powder 
ball-milled 
NKN powder from (a) 
KCN-NKN powder 
Compression 
Sintering 
Final KCN-NKN 
ceramics 
Figure 3.2 Experimental procedure of our coating approach of synthesizing NKN 
with (a) and without the sintering aid, KCN (b). 
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Heraeus) annealed at 600°C for 1 hr. Poling was carried out in silicone-oil bath at 30 
kV/cm and 120°C for 30 min. The electric field was kept during the cooling of the oil 
bath after poling until room temperature was reached. The dielectric constant was 
measured with an impedance analyzer (Agilent 4294A, Santa Clara, CA). The d33 
piezoelectric coefficient was measured a day after poling using a d33 tester 
(Pennebaker Model 8000, American Piezo Ceramics, Inc., Mackeyville, PA).  Two 
different densities, bulk density and apparent density, were used to evaluate the 
sintering of the samples. The bulk densities were calculated from the mass and 
dimensions of the ceramic samples, and the apparent densities were obtained using 
the Archimedes method. 
To characterize the crystalline structure of the samples, X-ray diffraction 
(XRD) analyses were carried out using a SIEMENS D-500 X-ray diffractometer with 
Cu Kα radiations. The microstructures and compositions were examined using an 
environmental scanning electron microscope (ESEM) (XL30, FEI/Phillips, Hillsboro, 
OR, USA) equipped with an energy dispersive spectroscopy (EDS) microanalysis 
component (EDAX, Mahwah, New Jersey, U.S.A.). 
. 
3.2 NKN prepared by the coating method without sintering aid 
To compare the effect of the coating method on the orthorhombic phase 
formation of NKN ceramic, NKN powders were prepared by both the coating method 
and the conventional solid-state reaction method and heat treated at a series of 
temperature to investigate the phase evolution of the powders. Figure 3.3(a) shows 
the XRD patterns of the Na-K-precursor-coated Nb2O5 calcined at 550°C, 650°C, 
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750°C and 850°C for 1 hr. The XRD patterns of powders prepared by the 
conventional method and calcined at the same temperatures for 1 hr are shown in 
Figure 3.3(b). As can be seen from Figure 3.3(b), the XRD patterns of the powder 
prepared by the conventional method retained much of the Nb2O5 and the nitrates 
peaks after the 550°C calcination. Although the Nb2O5 and nitrate peaks were 
reduced and the perovskite peaks emerged at 650°C, there was a significant amount 
of an impurity phase, Na2Nb4O11 occurring at this temperature. Even though the 
Na2Nb4O11 phase was reduced at 750°C, some potassium niobate impurities remained 
at 850°C. As a result, the single-phase perovskite NKN powder could not be obtained 
up to 850°C with the conventional method. In contrast, the XRD patterns shown in 
Figure 3.3(a) indicated that with the coating method the perovskite structure emerged 
20 30 40 50 60
 






(b)
850 
O
C
750 
O
C
650 
O
C
550 
O
C
NKNo
o
o
o
o
o
o
Na2Nb4O11

K2Nb6O16+
#
+
####
#
#
#
Nb
2
O
5*
***
*
******
*
*
*
**
In
te
n
s
it
y
 (
a
. 
u
.)
2 (degree)
*
KNO
3
#
K2Nb8O21
o
20 30 40 50 60

OO
O
O
O
O
(a)
Na
2
Nb
4
O
11

K
4
Nb
6
O
17
x
xxx x x
x
KNO
3
Nb
2
O
5*
**
**
KNbO
3
NKNO
In
te
n
ts
it
y
 (
a
.u
.)
850
o
C
750
o
C
650
o
C
550
o
C
 
 
2 (degree)

Figure 3.3 X-ray diffraction patterns of calcined NKN powders at various 
temperatures for 1 hr from powders prepared by (a) by the coating method and (b) 
the conventional solid-state reaction method  The PDF numbers of the labeled 
phases are 030-0963 (KNbO3), 030-0872 (Nb2O5), 005-0377 (KNO3), 021-1295 
(K4Nb6O17), 044-0060 (Na2Nb4O11), 031-1060 (K2Nb8O21), 028-0788 (K2Nb6O16). 
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at 650°C and reached completeness at 850°C. Elemental maps were collected by EDS 
mapping for the powders (prior to the calcination step) prepared by the coating 
method and the conventional method, respectively, to compare the homogeneity of 
the two powders. The elemental maps were collected at multiple locations on each 
sample to investigate the overall element distribution throughout the sample. It was 
found that the elements, K, Na and Nb, distribute much more uniformly in the sample 
2 μm 
Coating method 
2 μm 
Conventional method 
K-rich region 
(a) 
(c) 
(b) 
(d) 
Figure 3.4 (a) ESEM micrograph of powder (prior to calcination) obtained by the 
conventional method and (b) the EDS element map of the region shown in (a), (c) 
ESEM micrograph of powder (prior to calcination) obtained by the coating method 
and (d) the EDS element map of the region shown in (c). Red: potassium; Yellow: 
sodium; Light blue: niobium. 
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made by the coating method than in that made by the conventional method. Figure 3.4 
shows the examples from the two powder mixtures made from the two methods. 
Figures 3.4(a) and 3.4(b) are the SEM photograph and the elemental map at the same 
location, respectively, for the powder mixture of the starting materials mixed by ball-
milling (the conventional method). Figures 3.4(c) and 3.4(d) are the images of the 
powder mixture of KNO3, NaNO3 precipitates and Nb2O5 after drying (the coating 
method). As shown in Figure 3.4(b), a potassium-rich region was clearly observed in 
the powder sample prepared by the conventional method. In contrast, the sample 
made by the coating method [Figure 3.4(d)] presented a fairly uniform distribution of 
the elements. This difference indicated that the coating method was effective in 
promoting intimate mixing of the starting materials thus significantly lowered the 
calcination temperature and inhibit the occurrence of impurity phases. It also 
suggested that the impurity phases found in the NKN ceramics were mainly caused 
by the uneven local fluctuation of the concentrations of the starting materials. 
The calcined NKN powders prepared by the coating method were then 
pressed into discs with 1.27 cm in diameter using uniaxial pressing and CIP for 
comparison. The CIP green discs and the uniaxially pressed green discs exhibited 
relative densities of 71±2% TD and 61±1% TD, respectively. The CIP and uniaxially-
pressed discs were then sintered at temperatures ranging 1020-1140°C for 2 hr. The 
maximum sintered bulk density was obtained at 1100°C for 2 hr for both the CIP 
samples and the uniaxially pressed samples. The microstructure of the CIP sample 
and that of the uniaxially pressed sample after sintering at 1100°C for 2 hr are shown 
in Figure 3.5(a) and Figure 3.5(b), respectively. As can be seen, the CIP sample 
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exhibited a larger grain size than the uniaxially-pressed sample presumably due to the 
higher green density of the CIP sample. The ESEM micrographs also showed that 
both microstructures were porous. Measurements of the sintered density indicated 
that after sintering at 1100°C for 2 hr, the relative bulk density of the uniaxially 
pressed sample was 82% (All densities are expressed in terms of the percentage 
relative to theoretical density of NKN, 4.51 g/cm
3
), similar to the 84% of the CIP 
sample, regardless of the ~10% density difference in the green compacts. The 
5 µm 
(b) CIP 
(a) Uniaxial Pressing  
5 µm 
Figure 3.5 ESEM micrographs of NKN prepared by the coating method and 
sintered at 1100ºC for 2 hr using two different pressing techniques: (a) by 
uniaxial pressing and (b) by cold isostatic pressing (CIP). 
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apparent densities of the NKN prepared by both pressing techniques given by the 
Archimedes method were found to be nearly 100%, indicating that these samples 
were not well sintered and contained significant amount of open pores, which was 
consistent the ESEM micrographs (Figure 3.5) showing porous microstructures for 
the samples pressed by both pressing techniques. In Table 3.1, the green densities, the 
relative sintered bulk densities, the apparent sintered densities, the piezoelectric 
coefficients, dielectric constants, and dielectric loss factors of the CIP samples and 
the uniaxially pressed samples after 1100°C, 2 hr sintering are shown.  
 
Table 3.1 Effect of the pressing methods on properties of the NKN prepared by the 
coating method 
 
Green 
body’s 
relative 
density 
Bulk 
relative 
density 
Apparent 
density 
Dielectric 
constant 
(at 1 kHz) 
Dielectric 
loss 
(at 1 kHz) 
Piezoelectri
c constant 
d33 
(pC/N) 
Cold-
isostatic 
pressing 
71% 84% 99% 227 1.9% 100 
Uniaxial 
pressing 
61% 82% 100% 277 2.4% 80 
 
 
As can be seen in Table 3.1, in addition to similar relative sintered bulk 
densities, the uniaxially pressed samples and the CIP samples also exhibited similar 
dielectric constants, similar piezoelectric coefficients, and similar dielectric loss 
factors. The dielectric constant of the uniaxially-pressed samples was even higher 
than that of the CIP samples. These results indicate that CIP held little advantages 
over uniaxial pressing for the sintering of NKN prepared by the coating method. The 
intimate mixing provided by the coating method made up for the lower initial density 
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of the uniaxially pressed samples. However, the intrinsic difficulty in the sintering of 
NKN prohibited the relative densities of the samples prepared by both methods from 
reaching above 90% bulk density by in-air sintering at 1100°C.  
 
3.3 NKN prepared by the coating method with the sintering aid  
Sintering aids have been used to improve the sintering of piezoelectric 
ceramics. For example, metal oxides have been used as sintering aids for lead-based 
piezoelectrics.
81-83
 K4CuNb8O23 (KCN) has been shown to be a good sintering aid for 
NKN.
2,3
 However, in references 
27
 and 
26
, CIP was still needed. As we have shown 
above, for powders prepared by the coating method, uniaxial pressing resulted in 
similar sintered densities to those obtained by CIP. Therefore, to examine the 
capability of the coating method in further improving the stinerability of NKN with a 
sintering aid, we examined the sintering of NKN with the sintering aid, KCN without 
2 μm 2 μm 
Figure 3.6 ESEM micrograph of NKN powders (with sintering aid): (a) made by 
the coating method and calcined at 850ºC and (b) made by the conventional 
method and calcined at the same temperature. 
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CIP. All discs of NKN with the sintering aid KCN were pressed uniaxially. 
To compare the particle sizes given by the coating method and the 
conventional method, the ESEM micrographs of the 850ºC-calcined NKN powders 
(with the sintering aid) prepared by these two methods were taken and are shown in 
Figure 3.6. One can clearly see that the calcined powder obtained by the coating 
method had a much smaller particle size than that obtained by the conventionally-
made NKN. The smaller particle size of the powders prepared by the coating method 
indicated the more homogeneous mixing in these powders and also provided 
sufficiently higher surface area of the as-calcined powder to promote the sintering. 
This hypothesis is supported by the sintered density results presented later in this 
chapter. 
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Figure 3.7 X-ray diffraction patterns of NKN prepared by the coating method and 
the conventional method with the sintering aid, KCN (PDF#: 041-0482), after 
sintering at 1100ºC for 1 hr. 
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To evaluate the effect of the coating method on samples with the sintering aid, 
discs of NKN with the sintering aid prepared by the coating method as well as 
samples prepared by the conventional method with the sintering aid were sintered at 
various temperatures for 1 hr. The X-ray patterns of the sintered NKN prepared by 
these two methods are shown in Figure 3.7. As can be seen in Figure 3.7, very weak 
KCN peaks were observed in both samples, in agreement with the results reported by 
reference 3. The conventionally made sample also showed a small peak of an 
unknown impurity phase right below 29º, whereas the sample made by the coating 
method did not. This again agrees with what has been shown in Figure 3.3 that the 
coating method provides purer perovskite phase than the conventional method. 
The relative bulk density as a function of the sintering temperature is shown in 
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Figure 3.8 Relative bulk density (bulk density/theoretical density) versus 
sintering temperature of NKN with 0.5 mol% sintering aid, KCN, made 
by solution coating approach (open circles) and by the traditional solid-
state reaction method (filled squares). 
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Figure 3.8. As can be seen in Figure 3.8, although both the samples prepared by the 
coating method and the samples by the conventional method exhibited a more rapid 
density increase between 1080°C and 1120°C the samples prepared by the coating 
method reached 90% bulk relative density at 1100°C and above 90% bulk relative 
density at 1120°C and 1140°C while the samples prepared by the conventional 
method exhibited a bulk relative density of 83% at 1100°C and did not reach 90% 
bulk relative density until 1140°C. Also note that at every sintering temperature, the 
NKN sample prepared by the coating method exhibited a higher relative density than 
that of the NKN sample prepared by the conventional method. A bulk density 
difference of 5 to 7% between the two methods was observed at sintering 
temperatures lower than 1120°C. A bulk relative density difference of 2 to 3% 
remained at temperatures above 1120°C. Clearly, the results shown in Figure 3.8 
indicated that the present solution method allowed for the sintering of NKN with the 
KCN sintering aid to 90% bulk relative density (96% apparent density) without CIP 
at 1100°C. The results also indicated that for temperatures below 1120°C, the coating 
method yielded sintered densities of  NKN with the sintering aid KCN 5-7% higher 
than those prepared by the conventional solid-state reaction method. 
Microstructures of NKN discs with the sintering aid KCN prepared by the 
coating method and sintered at 1020°C, 1080°C, 1100°C and 1140°C for 1 hr are 
shown in Figures 3.9(a)-(d). For comparison, the discs prepared by the conventional 
solid-state reaction method and sintered at 1020°C, 1080°C, 1100°C and 1140°C 
were shown in Figure 3.9(e)-(h). As can be seen, at 1020°C, both Figure 3.9(a) from 
the coating method and Figure 3.9(d) from the conventional method exhibited small 
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Figure 3.9 ESEM micrographs of NKN with KCN sintering aid prepared by the 
coating method and sintered at 1020°C (a), 1080°C (b), 1100°C (c) and 1140°C 
(d) and those of NKN with KCN sintering aid prepared by the conventional solid-
state reaction method and sintered at 1020°C (e), 1080°C (f), 1100°C (g) and 
1140°C (h). 
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grains and porous microstructures as the relative bulk density at this temperature was 
about 82% for the coating sample and 77% for the conventional sample. With an 
increasing temperature, the grains became larger and the material became less porous 
for both sets of samples as consistent with the relative sintering density versus 
temperature results shown in Figure 3.9. Furthermore, comparing Figures 3.9(a)-(d) 
with Figures 3.9(e)-(h), one notices that the grain size of the NKN prepared by the 
coating method was smaller than that of the NKN prepared by the conventional 
method and sintered at the same temperature when the sintering temperature was 
lower than 1100°C. This is not surprising as the starting materials, KNO3 and NaNO3 
in the coating method started out as precipitates with a smaller crystallite size than 
those obtained by the conventional solid-state reaction method. However, the grain 
sizes given by the two methods becomes similar when the sintering temperature is at 
or higher than 1100°C. It is also interesting to note that the grain sizes of the NKN in 
the present study as obtained by uniaxial pressing from powders prepared by the 
coating method and powders prepared by the conventional method were smaller than 
those obtained by CIP shown in Reference 
26
, presumably due to the lower green 
density obtained by uniaxial pressing as compared to CIP. This difference is 
consistent with the results shown in Figures 3.5(a) and 3.5(b) where the uniaxially 
pressed sample exhibited a smaller grain size than the CIP sample after sintering. 
The dielectric constants, loss factors and the piezoelectric coefficients, d33, of 
the NKN samples with sintering aid synthesized by coating method and sintered at 
1100°C and 1140°C for 1 hour were listed in Table 3.2. Also listed in Table 3.2 are 
the properties of samples with the sintering aid subject to the same sintering 
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conditions but prepared by the conventional method for comparison. As can be seen  
 
Table 3.2 Properties of NKN with sintering aid KCN prepared by the coating method 
and the conventional method sintered at 1100ºC and 1140ºC for 1 hr. 
Samples 
Sintering 
temperature 
(°C) 
Relative 
green 
body 
density 
Relative 
bulk 
density 
Apparent 
density 
Dielectric 
constant 
(at 1 kHz) 
Dielectric 
loss 
(at 1 kHz) 
d33 
(pC/N) 
Conventional 
method 
1100 
64% 
83% 92% --- 19% 100 
1140 90% 97% 250 7.2% 106 
Coating 
method 
1100 
62% 
90% 96% 256 3.4% 105 
1140 92% 98% 235 5.4% 95 
 
 
from the results listed in Table 3.2, at 1100°C the coating method improved the 
sintering of the NKN with the sintering aid, KCN from 83% bulk density to 90% bulk 
density over the conventional solid-state reaction method, clearly indicating the 
advantage of the coating method over the conventional method in improving the 
sintering of NKN with the sintering aid. In addition, although at 1140°C the 
conventional method also gave a sintered density about 90% bulk density, lower than 
the 92% relative density obtained by the coating method, the dielectric loss of both 
the samples prepared by the conventional method (7.2%) and the coating method 
(5.4%) were higher than the dielectric loss obtained by the coating method at 1100°C 
(3.4%). Note that sintering at 1140°C of the samples prepared by the coating method 
also gave a lower piezoelectric coefficient (d33=95 pC/N) as well as a lower dielectric 
constant (r=235) than those obtained at 1100°C (d33=105 pC/N, r=256). These 
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results indicated that without atmospheric control, temperatures higher than 1100°C 
was not ideal as other factors such as volatility of the potassium component
20
 may be 
at work to degrade the dielectric constant, piezoelectric coefficient and loss factor 
even though the density was higher. This assumption is supported by our EDS 
analysis on the NKN disc (without the sintering aid) sintered at 1100°C, as shown in 
Figure 3.10 and Table 3.3. Because Na and K are both light elements which may  
 
Table 3.3 Chemical compositions of the NKN disc sintered without sintering aid at 
1100°C for 2 hr, calculated from the EDS spectra collected at different locations on 
the sample. 
Locations on 
sample 
Atomic percentage (%) 
Na K Nb O 
1 11.19 9.5 19.97 59.34 
2 11.27 9.81 21.07 57.85 
3 11.05 10.12 20.96 57.87 
4 11.08 9.49 21.35 58.08 
Figure 3.10 EDS chemical analysis on NKN disc sintered without sintering aid at 
1100°C for 2 hr: (a) EDS spectrum; (b) the corresponding region where the 
spectrum was collected. 
(a) (b) 
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cause lower accuracy on their calculated concentrations from the EDS spectra, the 
spectra were collected at four different locations on the sample to obtain statistic 
results (an example of the spectra is given in Figure 3.10(a)). In Table 3.3, it is very 
clear that at all four different locations on the sample potassium always had a lower 
concentration than sodium, despite of their equal molar amounts in the starting raw 
powders.  
With the sintering aid, the optimal sintering temperature was 1100°C with the 
consideration of the final properties. At 1100°C, a smaller dielectric loss was 
obtained with the coating method than the conventional method presumably due to 
the higher density provided by the coating method. However, the density advantage 
of the coating method did not translate into improvement in the piezoelectric 
coefficient. This may be due to the limited grain growth of the samples with sintering 
aid as shown in Figures 3.9(a)-(h).   
It is known in PZT piezoelectrics, the piezoelectric coefficients can be 
improved by increasing the grain size as larger grains contain less grain boundaries to 
impede the domain wall movement, which is the main mechanism of the piezoelectric 
performance of soft piezoelectrics.
46
 Since increasing the grain size by increasing the 
temperature was not an option due to the volatility of potassium in the sintering 
temperature range as discussed above, to investigate the grain size effect on the 
piezoelectric coefficient, we chose to prolong the sintering time at 1100°C. Both 
samples with the sintering aid prepared by the coating method and by the 
conventional method were subjected to the same prolonged sintering at 1100°C for 6 
hr with the samples buried in the powders prepared by the same methods, 
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respectively. Properties of the samples obtained by the prolonged treatment are listed 
in Table 3.4. As seen in Table 3.4, after 6 hr of sintering at 1100°C, the NKN made  
 
Table 3.4 Properties of NKN with the sintering aid, KCN prepared by the coating 
method and the conventional method after sintering at 1100ºC for 6 hr. 
Samples 
Relative 
green body 
density 
Relative 
bulk 
density 
Apparent 
density 
Dielectric 
constant* 
(at 1 kHz) 
Dielectric 
loss 
(at 1 kHz) 
d33
* 
(pC/N) 
Conventional 
method 
64% 84% 91% --- 31% --- 
Coating 
method 
64% 92% 97% 302 1% 112 
 
 
by the coating method reached a relative bulk density of 92% (apparent density 97%), 
higher than the 90% relative density obtained after 1 hr shown in Figure 3.5 and a 
loss factor of 1%. In contrast, the density of the sample prepared by the conventional 
method still exhibited a relative density of 84% and a loss factor of 31% even though 
the starting green density of the conventional samples was similar to that of the 
coating sample. The high loss factor of these samples made poling difficult. As a 
result, the piezoelectric coefficient and dielectric constant of these samples were not 
measured. The ESEM picture of the NKN made by the coating method with the 
prolonged sintering is shown in Figure 3.11. As expected, the grain size of this 
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sample was about 2.0 m, larger than the grains (~1.2 μm) of sample shown in Figure 
3.9(c) obtained after 1 hr at the same temperature. The piezoelectric coefficient, d33, 
was increased to 112 pC/N as oppose to 105 pC/N obtained by sintering at the same 
temperature for 1 hr as shown in Table 3.2. The dielectric constant was also increased 
to above 300, while the dielectric loss factor was decreased to around 1%, both of 
which were better than the reported values (εr  220, tanδ  2%) by reference 
26
. 
 
3.4 Chapter summary 
We have investigated the synthesis of NKN by a solution coating method and 
its effect on the crystallization temperature, sintering temperature and the resultant 
dielectric and piezoelectric properties without and with the sintering aid KCN. We 
showed that our coating method provides more homogeneous mixing of the starting 
powders and purer NKN powder than the conventional method after the same heat 
2 μm 
Figure 3.11 ESEM photograph of the NKN made by the coating 
method with the sintering aid, KCN, and a prolonged heat-treatment 
(1100°C for 6 hr) 
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treatment. Using the coating method, samples prepared by uniaxial pressing gave 
similar sintered densities, dielectric constant, dielectric loss, and piezoelectric 
coefficients to those obtained by CIP under identical sintering conditions, indicating 
that CIP is unnecessary for the current coating method. Sintering of NKN with KCN 
by uniaxial pressing indicated the coating method permitted a sintered bulk density 
over 90%, a d33 coefficient of 105 pC/N and a loss factor of 3.4% after 1 hr sintering 
at 1100°C. After 6 hr at 1100°C, the relative bulk density reached 92%, the d33 
increased to 112 pC/N and the loss factor decreased to 1%, in contrast to the 84% 
relative bulk density and the 31% loss factor obtained from samples prepared by the 
conventional method after 6 hr at 1100 °C which was too porous to allow for the 
dielectric and piezoelectric coefficient measurements.  
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4: EFFECT OF ANTIMONY CONCENTRATION ON THE 
CRYSTALLINE STRUCTURE, DIELECTRIC, AND PIEZOELECTRIC 
PROPERTIES OF (Na0.5K0.5)0.945Li0.055Nb1-xSbxO3 SOLID SOLUTIONS 
 
 
To further increase the piezoelectric coefficients, solid solutions of NKN with a 
tetragonal phase-inducing component such as LiNbO3 (LN), LiTaO3 (LT) and LiSbO3 
(LS) have been investigated as introduced in Chapter 2. An orthorhombic-tetragonal 
morphotropic phase boundary, all at ~5 mol% for LN, LT and LS, was found in all of 
these solid solution systems,
66,69,84
 possibly due to the very similar ionic radii of Nb
5+
 
(78 pm), Ta
5+
 (78 pm) and Sb
5+
 (74 pm).
85
 At the MPBs, the longitudinal 
piezoelectric coefficient, d33, could be increased to above 200 pC/N.
66,69,84
 In 2004, 
Saito et al. reported that a material developed by mixing NKN-LN and NKN-LT and 
adding antimony, (K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O3 or LF4 as named by the 
authors, had a d33 value of 300 pC/N. And subsequently, by texturing, the d33 was 
further increased to 416 pC/N,
25
 which is the best piezoelectric performance for lead-
free materials that have been reported yet. These results established that lithium, 
tantalum and antimony are important dopants in increasing the piezoelectric 
performance of NKN-based solid solutions. Although Saito et al. had examined the 
effects of lithium and tantalum in their studies
25
 it was unclear what role antimony 
had played in increasing the piezoelectric performance of NKN-based solid solutions. 
Some studies on (1-x)NKN-xLiSbO3 have been reported, but the molar ratio of 
antimony to lithium was kept constant.
74-76,84
 Thus, the effect of varying antimony 
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concentration alone on the piezoelectric properties of NKN-based solid solutions 
remained unclear. 
In this chapter, the effect of varying the antimony concentration alone on the 
piezoelectric and dielectric properties of NKN-LiNbO3 solid solutions was examined. 
The crystalline and grain structure as well as the chemical composition were 
investigated to provide physical understanding of how Sb doping affects the 
properties.  
4.1 Experimental Procedure 
To ensure good piezoelectric performance as the start, the model system we 
chose was NKN-LN solid solutions near the tetragonal-orthorhombic MPB with 5.5 
mol% of LN, i.e., (Na0.5K0.5)0.945Li0.055NbO3.
69,71
 The Sb-doped NKN-LN solid 
solutions, (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 with 0  x  0.1, were synthesized using a 
precursor coating approach, which improved the sintering as well as the dielectric and 
piezoelectric properties of the material.
77,79,86
 Six compositions, x=0, 0.01, 0.02, 0.04, 
0.06 and 0.10, were investigated. 0.1 mol of powder for each composition was 
prepared by the following procedure. First, NaNO3 (Alfa Aesar, 99%) and KNO3 
(Alfa Aesar, 99%) were dissolved in 200 ml of ethylene glycol at 90°C followed by 
the addition of Li 2, 4-pentanedionate (Alfa Aesar, 98%) to result in a clear solution. 
Nb2O5 particles (Alfa Aesar, 99.9%) and Sb2O5 particles (Alfa Aesar, 99.998%) were 
then added to the precursor solution to result in a 0.5 M concentration. The 
suspension was sonicated for 5 min to break up the Nb2O5 and Sb2O5 agglomerates 
and then dried on a hot plate at 100°C to obtain the precursor-coated Nb2O5 and 
Sb2O5 mixture. The suspension was kept stirred during drying until the stirrer failed 
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to spin when there was too little liquid left. After calcined at 850°C for 2 hr, the 
powder was ball-milled, granulated with 0.2 wt% of poly(vinylalcohol) (PVA) as the 
binder and pressed uniaxially into discs of a 1.27-cm diameter at 200 MPa and 
sintered at temperatures ranging 1080-1120°C for 2 hr. The X-ray diffraction (XRD) 
patterns were obtained using a SIEMENS D-500 X-ray diffractometer with Cu Kα 
radiations. The microstructures and chemical compositions of the samples were 
examined with an environmental scanning electron microscope (ESEM) (FEI XL30, 
Phillips, Netherlands) equipped with an energy dispersive spectroscopy (EDS) 
microanalysis component (EDAX, Mahwah, New Jersey, U.S.A.). The Raman 
spectra were excited using 514.5 nm radiation from Argon ion laser and were 
collected by Renishaw RM1000 Raman Spectrometer (Renishaw, Gloucestershire, 
UK) in the range of 100-1200 cm
-1
 at room temperature. WiRE™ 2.0 software was 
used to control the spectrometer and for the spectrum analysis. The apparent densities, 
, were obtained using the Archimedes’ principle. The sintered discs were polished 
and electroded with a silver paste. The samples were then poled in silicone oil at 30 
kV/cm and 150°C for 30 min followed by aging for 24 hr.  
The dielectric constant, ε, and the dielectric loss, tan, were measured at 1 kHz at 
room temperature with an impedance analyzer (Agilent 4294A, Santa Clara, CA). 
The temperature dependence of the dielectric constant was measured using uses a 
Keithley 2000 multimeter (Keithley Instruments, Inc. Cleveland, Ohio) and an HP  
LCR meter (HP 4284A, Agilent, Santa Clara CA). The piezoelectric coefficient d33 
was measured using a d33 tester (Pennebaker Model 8000, American Piezo Ceramics, 
Inc. Mackeyville, PA). The planar electromechanical coupling coefficient, kp, and the 
61 
 
piezoelectric coefficient, d31, were obtained from the radial-mode resonance spectra 
using the IEEE standard method using the series resonance frequency (fs, frequency at 
which maximum conductance occurs) and parallel resonance frequency (fp, frequency 
at which maximum resistance occurs).
87,88
 For these measurements, the disc samples 
were polished to a diameter/thickness ratio of 20. The impedance spectra of the 
samples were measured using the Agilent 4294A impedance analyzer to obtain the 
resonance frequency (fr, the frequency where the impedance is minimum) and anti-
resonance frequency (fa, the frequency where the impedance is maximum). We 
assumed that fr=fs and fa=fp because fr and fa approximate fs and fp, respectively. The kp 
was calculated using fr and fa: 
𝑘𝑝 =  2.51 ∙
𝑓𝑎 − 𝑓𝑟
𝑓𝑎
−  
𝑓𝑎 − 𝑓𝑟
𝑓𝑟
 
2
          (4.1) 
Based on kp, the extensional mode coupling factor k31 can be obtained by equation 
4.2. 
𝑘31 =  𝑘𝑝
 1 − 𝜍 
2
          (4.2) 
Where ζ is the Poisson’s ratio taken as 0.3. 
The d31 is related to k31 by: 
𝑑31 = 𝑘31 𝑆11
𝐸 𝜀33
𝑇           (4.3) 
Where 𝑆11
𝐸  is the elastic compliance and 𝜀33
𝑇  the dielectric constant. 𝑆11
𝐸  can be 
obtained using the relation: 
𝑆11
𝐸  1 − 𝜍2 =
𝜂2
𝜌 2𝜋𝑓𝑟𝑎 2
          (4.4) 
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Where ρ is the density of the material, 𝑎 is the radius of the disc; 𝜂 is a root of an 
equation involving the Bessel functions and the Poisson’s ratio and it can be obtained 
from the η table in the IEEE standard using the ratio of first overtone to fundamental 
resonance frequency 𝑓𝑠
 2 /𝑓𝑠 , where 𝑓𝑠
(2)
 is the resonance frequency of the first 
overtone vibration. 
 
4.2  Results and Discussion 
4.2.1 Crystalline structure of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 
 
The X-ray diffraction (XRD) patterns of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 
at various x at room temperature are shown in Figure 4.1. For all x, the XRD patterns 
exhibited mostly perovskite peaks with little impurity phases. For the undoped 
Figure 4.1 XRD patterns of (Na0.5K0.5)0.945Li0.055Nb1-xSbxO3 ceramics with x = 0- 0.1 
after sintering: (a) 20°-60°; (b) 44°-47°. 
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ceramics (x=0), the (200) peaks (44°-47°) showed a pattern of mixed orthorhombic 
and tetragonal phases, in agreement with what has been reported for NKN-LiNbO3 
that the MPB of this system lies at 5-6 mol% Li. As x increased, the considerable 
change in the (200) peaks indicated a gradual orthorhombic-to-tetragonal change in 
the crystalline structure of the ceramic. 
To quantitatively investigate the effect of antimony doping on the crystalline 
phases, peak de-convolution was performed on the X-ray diffraction patterns at 
45°<2θ<46.5° for all the compositions to resolve the diffraction peaks resulted from 
the orthorhombic phase as well as the  tetragonal phase. The XRD patterns of all the 
compositions in this 2θ range de-convoluted into four peaks, (200)T, (002)T, (020)O, 
and (002)O using the Fityk software
89
 with Gaussian approximations where the 
subscripts “T” and “O” denote the tetragonal and orthorhombic phases, respectively. 
Since the diffraction intensity is proportional to the weight fraction of the phase, the 
weight fraction of the tetragonal phase (fT) was determined from the integrated peak 
intensities of the two phases (IT and IO) as 
   
         OOOTT
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


 , (4.5) 
To identify (200)O, (002)O, (020)O, (002)T and (200)T and obtain their intensities 
individually, two assumptions were made for the de-convolution: (1) We assumed 
a=c for the orthorhombic phase, as a=c>b was commonly observed for the 
orthorhombic phase of NKN-based solid solutions.
56,69,90
 Thus, in the de-convolution, 
the (200)O and (002)O shared the same peak position. (2) We assumed random 
orientations for both orthorhombic and tetragonal phases, so the intensity ratio of the 
(002)T peak to the (200)T/(020)T peak should be 1/2 and that of the (002)O/(200)O 
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peak to the (020)O peak should be 2/1. The random orientation assumption was 
reasonable as there was no observable preferred orientation in all samples.  
The obtained fT versus x is shown in Figure 4.2. The insert in Figure 4.2 illustrates 
an exemplary four-peak de-convolution of the diffraction pattern of x = 0.06. At x = 0, 
fT was about 0.5 as consistent with the result of Guo, et al. that at x=0 the sample was 
within the orthorhombic-tetragonal MPB,
69
 and then it increased with an increasing x, 
reaching 0.95 at x = 0.1. The orthorhombic-tetragonal transition temperature (To-t) for 
NKN-LN near the MPB with x=0 was in the range of 70~100°C.
67,69
 The increase in 
fT with an increasing x suggests a decreasing To-t, which was consistent with the 
results on NKN-LiSbO3 that the To-t decreased with an increasing LiSbO3 
concentration.
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Figure 4.2 fT versus x of  the (Na0.5K0.5)0.945Li0.055Nb1-xSbxO3 solid solutions 
where fT denotes the volume fraction of the tetragonal phase.  The insert shows 
an exemplary four-peak de-convolution of the diffraction pattern of x = 0.6 
around 45°<2θ<46.5°. 
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x = 0.1, fT reached 0.95, indicating the antimony doping shifted the MPB to a lower 
lithium concentration and that the To-t was very close to or below room temperature. 
(e) 
5 μm 
(d) 
5 μm 
(b) 
5 μm 
(c) 
5 μm 
(a) 
5 μm 
(f) 
5 μm 5µm 
(f’) 
Figure 4.3 ESEM micrographs of (Na0.5K0.5)0.945Li0.055Nb1-xSbxO3 solid solutions 
after sintering at their optimal sintering temperatures with (a) x = 0, (b) x = 0.01, 
(c) x = 0.02, (d) x = 0.04, (e) x = 0.06, and (f) x = 0.1. The insert (f’) shows a 
plate-like second phase at x = 0.1 which was rich in Sb as indicated by EDS. 
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This could be another reason why the piezoelectric coefficients and kp decreases at 
higher x as the solid solutions were moving away from the MPB with an increasing x. 
 
4.2.2  Microstructure of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 ceramics 
 Figure 4.3 shows the ESEM micrographs of the solid solutions at various x 
sintered at their optimal sintering temperatures. As can be seen, as x increased, the 
average grain size of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 ceramics first increased 
and then decreased, exhibiting a maximum of 4.0 m at x = 0.04. Another interesting 
observation in the microstructure of the x=0.10 sample was that some plate-like 
grains are sporadically present among the normal cube-shaped NKNLN grains. An  
 
Table 4.1 EDS analysis on the plate-like grains and normal cube-shaped grains in 
(Na0.5K0.5)0.945Li0.055Nb0.9Sb0.1O3 ceramics 
 Na K Sb Nb O 
Plate-like 
grains 
#1 4.52 4.90 7.32 15.53 67.73 
#2 4.82 6.61 9.05 19.06 60.46 
#3 6.02 2.21 7.16 8.20 76.41 
Normal 
grains 
#1 9.16 7.42 1.75 17.63 64.04 
#2 7.93 8.41 2.02 19.51 62.13 
#3 9.02 7.27 2.23 18.92 62.56 
 
 
example is shown in the inset, (f’), in Figure 4.3(f). EDS analyses performed on both 
the plate-like grains and the normal cube-shaped grains (Table 4.1) revealed that the 
plate-like structure possessed an antimony content about 4-5 times higher than that of 
the normal grains. The presence of this Sb-rich second phase in the samples of x = 0.1 
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indicated that the antimony concentration in these samples and possibly in samples 
with x > 0.04 exceeded the solubility of antimony in the impurity phases. Similar to 
the average grain size the density of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 ceramics 
also showed a maximum at x=0.04 and an abrupt density drop was observed at 
x>0.06, as shown in Figure 4.4.  
 
Grain size increase due to antimony doping has also been observed in Sb-
doped SrTiO3.
91
 To investigate why the grain size of (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 
peaked at x = 0.04, we closely examined the microstructure of the ceramic with this 
composition. In the ESEM micrograph for this ceramic (Figure 4.3(d)), trace of some 
liquid phase can be readily observed. It has been well known that the presence of a 
liquid phase can greatly improve sintering of a ceramic and enhance the grain growth 
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Figure 4.4 Density of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 ceramic as 
a function of x. 
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by assisting the transport of ions.
92
 Therefore, further examination of the presence of 
the liquid phase and the elemental compositions at the grain boundary for all the 
compositions were carried out. It was found that a liquid phase was clearly observed 
in the samples of x ≥ 0.04 under ESEM, as shown in Figure 4.5. But for the samples 
(a) 
(b) 
1µm 
1µm 
(c) 
1µm 
Figure 4.5 Liquid phase observed in samples: (a) x=0.04, (b) x=0.06 
and (c) x=0.10. 
69 
 
of x < 0.04, the liquid phase was not as readily observed. However, it is still 
reasonable to suspect that the same liquid phase could also be present in those 
samples and just its amount was too little to be visually observed under SEM.  
Because liquid phases in ceramics are normally present in the grain boundary region, 
with the aforementioned suspicion in mind, we performed EDS analysis on the liquid 
phase and the grain boundary for the samples of x ≥ 0.04 and the samples of x < 0.04, 
respectively. 
 
Table 4.2 Comparison of antimony concentrations in grain boundary, liquid phase 
and grains 
x 0.01 0.02 0.04 0.06 0.10 
Nominal Sb 
concentration 
1% 2% 4% 6% 10% 
Measured 
Sb 
concentration 
Grain 
boundary 
(GB) 
2.3% 2.8% 2.7% 3.1% 15.8% 
liquid 
phase 
(LP) 
---- ---- 2.9% 3.3% 23.5% 
Grains 1.0% 2.1% 3.7% 6.4% 9.7% 
 
 
As shown in Table 4.2, the Sb concentration at the grain boundary of the samples 
with low nominal Sb concentration (x=0.01) and that in the liquid phase found in the 
x ≥ 0.04 samples (except for x=0.10) appeared to have similar values: 2-3 mol%, 
which suggests that even for the samples with small nominal Sb concentration, during 
sintering, the liquid phase with 2-3 mol% Sb concentration may be also present 
locally on the grain boundary to help the densification as well as the grain growth. 
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When x was small (x<0.04), a relatively small amount of the liquid phase formed at 
elevated temperature, resulting in the increase in both density and grain size, as 
shown in  Figure 4.3 and Figure 4.4. As a result, the density of the ceramics increased 
as Sb concentration increased before x reached 0.04. At x=0.04, an adequate amount 
of liquid phase formed leading to the maximum density and grain size of the ceramic. 
As Sb overall concentration in the material further increased, probably exceeding the 
solubility of Sb in this liquid phase, a new liquid phase with a much higher Sb 
concentration appeared along with an impurity with the plate-like morphology, as 
shown in Figure 4.5(c) and Figure 4.3 (f’), respectively. Conceivably, the formation 
of the Sb-rich second phases interfered with the sintering and grain growth of the 
perovskite NKN-LN. As a result, both the grain size and the apparent density 
decreased with an increasing x for x > 0.04. 
 
4.2.3 Curie temperature and the orthorhombic-to-tetragonal transition temperature  
The temperature dependence of the dielectric constant of the 
(Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 ceramics was investigated at various frequencies, as 
shown in Figure 4.6. Often times, as a dopant is added into a ferroelectric system to 
certain degree, the temperature ranges of phase transitions are broadened because of 
the local composition fluctuation it introduced.
93-95
 Here, it is quite clear that the 
characteristic of diffuse phase transition in the material became more and more 
evident especially as the Sb concentration increased to x≥0.06, indicating more and 
more local composition fluctuation as the Sb concentration increased. For x≤0.06, the 
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Figure 4.6 Temperature dependence of the dielectric constant of 
(Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 with x=0, 0.01, 0.02, 0.04, 0.06 and 0.10 at 
100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz. 
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dielectric constant displayed was fairly stable over a wide temperature range below Tc, 
suggesting the thermal stability of high-Tc ferroelectrics. 
Figure 4.7 shows the temperature dependence of the dielectric constant for all the 
compositions at 1 kHz. It is very clear that the dielectric constant at the Curie point 
also showed a maximum at x=0.04, following the same trend as the other electrical 
properties presented above. 
It is well known that NKN has similar phase transition behavior to that of BaTiO3, 
namely, a tetragonal-to-cubic phase transition at ~420°C (Tc) and an orthorhombic-to-
tetragonal (O-T hereinafter) phase transition at ~200°C (To-t). The 
(Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 exhibited the similar phase transition behavior but at 
different temperatures due to the introduction of lithium and antimony at the A site 
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Figure 4.7 Temperature dependence of dielectric constant of the 
(Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 at 1 kHz 
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and B site, respectively. The Curie point for the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 can 
be readily identified in Figure 4.6 and Figure 4.7. The To-t of these materials is 
normally identified by the next dielectric constant peak at a lower temperature. Due to 
the increased extent of peak broadening caused by Sb doping, this peak became less 
and less evident in the dielectric constant vs. temperature curves as x increased and 
can only be identified through the small hump in the lower temperature range (R. T. 
to 150°C) on the curves. Figure 4.8 shows the lower temperature section of the curves 
for all the compositions. One can see that the O-T transition was very distinctly 
shown for x=0 at ~100°C. As x increased, it shifted towards lower temperature and 
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Figure 4.8 Temperature dependence of the dielectric constant of 
(Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 in a low temperature range, within which 
To-t is implied by the shoulder on the curve. 
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reached around room temperature at x=0.04. Interestingly, as x further increased, this 
transition temperature shifted back up again and eventually took place at ~60°C at 
x=0.10.  
To acquire additional information for the effect of Sb concentration on the 
structure of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 at low temperature range, another 
approach is to look at the Raman spectra of the materials at room temperature, 
because Raman spectroscopy is much more sensitive to the small variation in the 
crystal lattice.
96
 It has been shown that Raman spectroscopy is very helpful in 
identifying the phase transitions of NKN-based materials.
70,97-99
 For NKN family, the 
Raman-active vibrations are mainly caused by the lattice translations involving the 
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Figure 4.9 Raman spectra of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 
ceramics at room temperature 
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motion of the alkaline cations and the internal modes of the NbO6 octahedra in the 
perovskite structure. 
The Raman spectra of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 with various x values 
at room temperature are shown in Figure 4.9. Three vibration bands were observed in 
100-1200 cm
-1
 range. They approximately locate at 250 cm
-1
, 620 cm
-1
 and 860 cm
-1
, 
belonging to the ν5 bending mode, the ν1 stretching mode and their coupling mode of 
the NbO6 octahedra, respectively (as shown in the figure). 
100,101
 Figure 4.10 shows 
that the wavenumbers of the vibration modes of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 
did not change much with x. It only dropped a little as Sb concentration became 
relatively high. This is expected because the ionic radius of Sb (74 pm) is only 
slightly smaller than that of Nb (78 pm), the object it replaced. The bonding strength 
Figure 4.10 Wavenumbers of ν1 and ν5 modes of (Na0.5K0.5)0.945Li0.055Nb(1-
x)SbxO3 as a function of x. 
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would not show pronounced reduction unless the concentration of the slightly smaller 
dopant was high enough. However, the full width at half maximum (FWHM) of the 
bands displayed a different behavior, as presented in Figure 4.11. It demonstrates a 
plateau at 0.02≤x≤0.06 and a local maximum at x=0.04, although it increased with x 
overall. 
The FWHM of Raman peaks normally increases as when material is disordered 
owing to the increase in phonon damping.
102
 Therefore, the plateau at 0.02≤x≤0.06 
corroborates the observation in Figure 4.8 that the O-T phase transition of these three 
compositions is near the room temperature. The local maximum at x=0.04 suggests 
this composition possesses a To-t closest to the room temperature.  
0.00 0.02 0.04 0.06 0.08 0.10
45
50
55
60
65
70
75
80
85
 
 
F
W
H
M
 (
c
m
-1
)
x
 
1

5
Figure 4.11 Full width at half maximum of the ν1 and ν5 modes of the 
(Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 as a function of x 
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The Tc and To-t as functions of x are plotted in Figure 4.12 to construct a phase 
diagram with respect to the Sb concentration, x. The grey ribbon around the To-t plot 
represents an estimate of the inaccuracy of the plot because the data points were 
determined from the humps in Figure 4.8. The effect of antimony doping on the 
crystalline structure of the NKN-LiNbO3 solid solution is clearly shown.  As shown 
in Figure 4.12, Tc of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 rapidly and almost linearly 
decreased at a rate of ~18°C per mol% of antimony, whereas the To-t exhibited a 
minimum (around R. T.) at x=0.04.  It has been reported that in the solid solution of 
(1-y)NKN-yLiSbO3 similar behavior of To-t as a function of y was observed. However, 
in that system, the minimum was found to be at y=0.08 and the Tc of the system first 
Figure 4.12 Tc and To-t as functions of x for the (Na0.5K0.5)0.945Li0.055Nb(1-
x)SbxO3 ceramics 
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decreased as y increased (at a rate of 10°C/mol%) but then plateaued when y became 
greater than 0.06.
76
  In our case, the effect of antimony is singled out by fixing the Li 
concentration in the material. We clearly see that Sb brings down the Tc of the NKN-
LiNbO3 much more quickly, and the To-t minimum was observed at a lower Sb 
concentration, x=0.04. Lithium doping has also been known to decrease both Tc and 
To-t.
29
 Therefore, it can be concluded that the fact that the To-t of NKN-Li-Sb system 
exhibits a minimum is a result of Sb doping alone. 
 
4.2.4 Piezoelectric and dielectric properties of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 
The piezoelectric coefficients, d33 and d31, the planar electromechanical 
coupling coefficient, kp, the dielectric constant, and the dielectric loss factor, tan, 
at various x along with the apparent density, a, Curie point (Tc), are listed in Table 
4.3.   
As can be seen in Table 4.3, the dielectric constant of the  
 
Table 4.3 Electrical and physical properties of (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 
ceramics with x = 0-0.1 where d33, d31, kp, ε and tanδ were as defined in the text 
x 
a 
(g/cm
3
) 
grain 
size 
(µm) 
Tc 
(°C) 
d33 
(pC/N) 
-d31 
(pC/N) 
kp 

 Tanδ
1
 
0 4.32 2.3 420 160 55 0.38 480 0.03 
0.01 4.37 2.0 399 135 52 0.38 580 0.03 
0.02 4.38 2.7 381 205 64 0.39 820 0.03 
0.04 4.43 4.0 342 240 82 0.42 1000 0.03 
0.06 4.37 2.3 302 215 78 0.39 1060 0.04 
0.1 4.16 2.1 239 --- --- --- --- 0.15 
1. The dielectric constants and loss factors were the values at 1 kHz.  
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(Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 increased as x increased, It is well known that 
dielectric constants of ferroelectrics generally show a peak at phase transition 
temperatures.
10
 The increased degree of diffuse phase transition near To-t resulted 
from Sb doping broadened the corresponding dielectric constant peak as 
demonstrated in Figure 4.8, therefore causing the dielectric constant increase of the 
(Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 at room temperature. The dielectric loss factor 
stayed fairly stable at 0.03 for the compositions of x≤0.04, slightly increased to 0.04 
at x=0.06 and suddenly rose to 0.15 at x=0.10. This behavior can be explained by the 
density change of the material as a function of x (shown in Figure 4.4) as the 
dielectric loss factor of a piezoelectric ceramic is affected by its porosity. At x≤0.06, 
the density of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 is about 96-98% of the theoretical 
density of NKN (4.51 g/cm
3
), low loss factors were therefore obtained. At x=0.10, the 
relative density was only 92% due to the emergence of impurity phases hindering the 
densification of the material, a much larger dielectric loss factor was thus observed.   
The high dielectric loss of this composition resulted in a low breakdown strength of 
the material because of the large leakage current generated at elevated temperature 
during poling. The samples of x=0.10 thus were not able to sustain the poling process 
required for the piezoelectric property measurement. The piezoelectric properties for 
this composition were not measured. 
In Table 4.3, it is also evident that the piezoelectric properties (d33, d31 and kp) all 
exhibit their maximal values at x=0.04. This phenomenon may be attributed to the 
following reasons: 
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1. Grain size: As discussed in Chapter 2, grain size of a piezoelectric ceramic 
can greatly influence its piezoelectric properties. The correlation between the 
piezoelectric coefficients and the grain size observed in the present system 
was reasonable as similar correlations have been observed in PZT,
46
 BaTiO3,
45
 
and (Bi, Na)TiO3
103
 
 
where the increase in the piezoelectric coefficients with 
an increasing grain size was attributed to decreased grain boundary area that 
resulted in reduced hindrance to domain re-orientation. The fact that the 
maximum of the average grain size also coincided at x=0.04 indicated the 
contribution of the grain size to the enhanced piezoelectric properties for the 
(Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3. 
2. Density: In a piezoelectric ceramic, a dense ceramic body gives rise to good 
piezoelectric performance because of the more efficient conversion between 
electrical and mechanical energy. The maximum density of the 
(Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 was observed at x=0.04 as shown in Figure 
4.4, can also be a contributing factor to the maximum piezoelectric 
performance at this composition. 
3. O-T phase transition: As shown in Figure 4.12, we have found that the To-t of 
the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 presented a minimum at around room 
temperature at x=0.04. It is worth noting that the piezoelectric properties listed 
in Table 4.3 were also measured at room temperature, namely, right around 
the To-t for the composition of x=0.04. For a piezoelectric material at a 
temperature in the vicinity of a phase transition, the phases right above or 
below the transition temperature are almost equally stable, so the domains can 
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rearrange more easily and thus result in a peak in the piezoelectric 
properties.
10
 For example, a number of classic perovskite piezoelectric 
materials such as PMN-PT and BaTiO3 demonstrate the same 
phenomenon.
104-106
 Therefore, it is not unreasonable to deem that the 
maximum piezoelectric performance found for the composition of x=0.04 was 
due to the O-T phase transition at room temperature. Moreover, the fact that 
the other two neighboring compositions, x=0.02 and x=0.06, both having 
almost the same To-t (~60°C), exhibited almost very similar piezoelectric 
coefficients and coupling factors also agree with this supposition.  
 
4.3 Chapter summary 
 
The effect of antimony concentration on the solid solution of NKN and LiNbO3  
was examined in (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 solid solutions with x = 0-0.1 
synthesized by a precursor coating method. The piezoelectric properties of the system 
were found to peak at x = 0.04 with d33 =240 pC/N, d31 = -82 pC/N, and kp=0.42, 
coinciding with the maximum exhibited in the density and the average grain size. A 
liquid phase with 2-3 mol% Sb was found present in the compositions with x=0.04 
and 0.06, and the grain boundary of the ceramics with lower Sb concentration 
appeared to have the same composition. This liquid phase may contribute to the 
enhanced density and grain growth for the compositions with x≤0.04. Another liquid 
phase with a much higher Sb concentration (>20 mol%) along with a Sb-rich impurity 
phase that possessed  plate-like structure were found in the x=0.10 samples, hindering 
the grain growth as well as causing the decrease in the density. 
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The XRD study on the crystalline structure of the (Na0.5K0.5)0.945Li0.055Nb(1-
x)SbxO3 showed that the fraction of the tetragonal phase increased and that of the 
orthorhombic phase decreased with increasing x. The Curie point of the material was 
found to decrease with increasing x almost linearly. The O-T phase transition 
temperature To-t, however, showed a minimum around room temperature at x=0.04. 
The piezoelectric performance maximum observed at x=0.04 was attributed to the 
near-room-temperature To-t, the maximum grain size and the maximum density at this 
composition. 
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5: CHARACTERIZATION AND ELECTRIC-FIELD ENHANCEMENT 
EFFECT OF (Na0.5K0.5)0.945Li0.055Nb0.96Sb0.04O3 FREESTANDING THICK 
FILMS AND THE MECHANISM STUDY 
 
 
Piezoelectric ceramics with thin film geometry started to draw great attention 
since the 1980’s when various methods were developed to fabricate piezoelectric thin 
film.
107
 Piezoelectrics with thin film geometry enabled researchers to design 
structures and devices at a much smaller scale that used to be unrealistic and utilize 
them in various previously unthinkable applications. As a result, Micro electro 
mechanical systems (MEMS) emerged and piezoelectric thin films started to be 
integrated into MEMS to provide functionalities such as sensing, actuating and 
transduction. Deposition of piezoelectric thin films on silicon substrates coated with a 
conductive layer as the bottom electrode has been a common way to integrate into 
MEMS devices. However, with this approach, inevitable “clamping” due to the 
substrate is introduced to the piezoelectric thin films, resulting in smaller 
piezoelectric response of the thin films relative to their bulk counterparts. On the 
other hand, due to the limitation of the finite thickness (normally <2 µm) dictated by 
the geometry, the grain size of piezoelectric thin films are normally hundreds of 
nanometers, much smaller than their bulk counterparts, resulting in lower domain 
wall mobility.
108
 Since domain wall motion contributes to about 60-70% of the 
piezoelectric response of piezoelectric materials,
109-111
 the small grain size therefore 
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gives rise to inferior piezoelectric properties of piezoelectric thin films when 
compared to the bulks. 
Freestanding piezoelectric thick films (thickness ranging from 10 to100 µm) 
can overcome the aforementioned problems of thin films because they are substrate-
free and their grain sizes are generally comparable to that of the bulks. Piezoelectric 
thick films have been around for decades and they are mostly used to make multilayer 
capacitors or deposited on substrates for MEMS applications.
112-114
 Recently, more 
attention has been drawn to harvesting the unused ambient vibration energy. Intensive 
studies have been carried out in this field. Piezoelectric thick films naturally became 
an important material candidate for this promising application because of the 
requirement of the sensitivity to mechanical vibrations.
115,116
 
As introduced in Chapter 2, an electric-field-enhancement effect in the 
piezoelectric coefficient of ferroelectrics was found by Hongyu Luo et al. in 
freestanding PMN-PT thick films.
51,52
 A seven-fold enhancement in piezoelectric 
coefficient was observed in the piezoelectric cantilevers made from 22-µm thick 
PMN-PT thick films. The preliminary research work done by Luo et al.suggested that 
the origin of this effect may come from the freestanding film geometry. To 
corroborate this theory, it was necessary to investigate the possibility of observing the 
same phenomenon in other ferroelectric material systems. On the other hand, for 
years, the problem that almost all the lead-free piezoelectric ceramics have been 
facing is their inferior piezoelectric performance when compared with that of the 
lead-based systems. A study of this effect on a lead-free system could provide the 
possibility of a new way to increase the piezoelectric performance of lead-free 
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systems to match up with or even surpass the lead-based ones. To the best of 
knowledge, very limited studies have been done on lead-free freestanding 
piezoelectric thick films. Therefore, we decided to fabricate NKN-based lead-free 
freestanding thick films to create new knowledge in this field and study the electric-
field-enhancement effect of piezoelectric performance of the freestanding films. 
When choosing the lead-free candidate for this study, the following criteria 
were followed based on what has been learned from the PMN-PT freestanding films: 
(1) It needs to have a morphotropic-phase-boundary composition 
that has two different symmetries coexisting in the material, so one of the 
symmetries can provide an intermediate pathway for the polarization to switch 
between the possible polar axes allowed by the symmetries, upon the 
application of an external electric field. 
(2) The lead-free material should have reasonable piezoelectric 
performance as a good starting point to improve by the enhancement effect 
and also ensure the ease of domain switching for the enhancement to occur. 
The 0.945NKN-0.055LN appeared to be a good candidate for this study since 
its composition is within the MPB region of NKN-LN solid solution, with two phases, 
orthorhombic and tetragonal coexisting. On the other hand, as discussed in Chapter 4, 
the 0.945NKN-0.055LN solid solution doped with antimony showed maximum 
piezoelectric performance at 4%Sb doping.  Therefore, the 4%Sb-doped NKN-LN 
[(Na0.5K0.5)0.945Li0.055Nb0.96Sb0.04O3] was chosen as the main material for this study. 
In this chapter, we show that the electric field enhancement effect can indeed 
be observed in the 4%Sb-doped NKN-LN (abbreviated as NKLNSb4 hereinafter) 
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freestanding films. An enhancement of about 7-fold increase in lateral piezoelectric 
coefficient, d31, was observed in 40-µm thick NKLNSb4 freestanding films. The 
effect of electrode thickness on the enhancement is also discussed. The mechanism of 
this enhancement was investigated by means of in-situ XRD, dielectric constant 
behavior under a DC bias and piezoelectric force spectroscopy. 
 
5.1 Tape casting 
 
The NKLNSb4 was fabricated into the freestanding film geometry using tape 
casting technique. Tape casting is one of the ceramic shaping techniques that have 
been widely used to fabricate thin ceramic plates and sheets. In particular, this 
technique is used to produce the multilayer structures in integrated-circuit packages, 
multilayer capacitors, piezoelectric and electrostrictive devices, ferromagnetic 
memories, and the substrates for integrated circuits in the semiconductor industry.
117
 
It is also called “doctor-blading” because of the way the casting is carried out. 
A doctor blade is a barrier device with a preset gap which regulates the cast 
thickness of the powder slurry. To perform tape casting, the raw powder must be 
made into slurry that usually contains appropriate amounts of organic solvents, 
binders, plasticizers, deflocculants etc. In order to avoid leaving pores in the material 
on sintering, the slurry is filtered to remove the foreign particles (such as the fabric 
from clothes), followed by the application of a vacuum to remove air bubbles (i.e. de-
airing).  The slurry is then placed into a container that has an open bottom with one 
edge raised forming a gap as a doctor blade. Underneath is a carrier film made of 
polyethylene terephthalate (or called Mylar film) and coated with silicone to prevent 
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sticking. During casting, the mylar film (or the container) moves at a constant speed 
and the slurry spreads out under the doctor blade so a thin layer of the slurry is 
formed on the mylar film. After drying and peeled off the mylar film, a “green” tape 
is obtained. The thickness of the tape is dictated by the preset gap on the doctor blade, 
the speed at which the mylar film is moving, as well as the fluidic characteristics of 
the slurry. The green tape can then be cut into desired dimensions and sintered to 
form dense ceramic sheets or plates.  Figure 5.1 shows a schematic diagram of a tape 
casting process. 
 
5.2 Powder and slurry preparation for NKLNSb freestanding film fabrication 
The NKLNSb4 powder used for tape casting was prepared the same way as 
described in Chapter 4. First, NaNO3 (Alfa Aesar, 99%) and KNO3 (Alfa Aesar, 99%) 
were dissolved in 200 ml of ethylene glycol at 90°C followed by the addition of Li 2, 
4-pentanedionate (Alfa Aesar, 98%) to result in a clear solution. Nb2O5 particles (Alfa 
Roller 
Slurry 
Doctor blade 
Mylar film (carrier) 
Green tape 
Figure 5.1 Schematic of a tape casting process 
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Aesar, 99.9%) and Sb2O5 particles (Alfa Aesar, 99.998%) were then added to the 
precursor solution to result in a 0.5 M concentration. The suspension was sonicated 
for 5 min to break up the Nb2O5 and Sb2O5 agglomerates and then dried on a hot plate 
at 100°C to obtain the precursor-coated Nb2O5 and Sb2O5 mixture. The suspension 
was kept stirred during drying until the stirrer failed to spin when there was too little 
liquid left. The powder was then calcined at 850°C for 2 hr and balled for 24 hr. The 
same procedure was repeated until enough powder (about 100 g) for casting was 
obtained. 
Slurry processing and tape casting of the powder was carried out by Christian 
Martorano at Franklin Fuel Cells, Inc. (Malvern, PA) using approximately 92 grams 
of the powder. The powder was dispersed for 24 hrs in a 250-ml HDPE Nalgene 
bottle in a propriety dispersion vehicle via ball milling; the milling media type, size, 
loading, as well as the milling speed were also proprietary.  
The dispersed slurry was further letdown with a proprietary binder and 
plasticizer system, and was allowed to mix for an additional 24 hrs. Slurry was then 
discharged, filtered, de-aired, and cast in a continuous mode at three different 
thicknesses: 3 mil (76.2 µm), 6 mil (152.4 µm) and 10 mil (254 µm). 
 
5.3 Sintering of the NKLNSb freestanding films 
The green tapes were not brittle and showed very good strength. There were 
no cracks observed throughout the whole cast length for each cast.  
To sinter the NKLNSb4 freestanding film, a piece of the green tape with 
desired dimensions was cut and peeled off the mylar film using a razor blade with 
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extreme care so no stress was applied to it and no crease was created. For firing, the 
tape was then laid on an alumina plate and a small scoop of the NKLNSb4 packing 
powder was placed right next to the tape but not in direct contact. The plate was then 
covered by an alumina crucible which was also sealed by the NKLNSb4 packing 
powder. Prior to sintering, all the organic species (the solvents, binders, plasticizers 
etc) remaining in the sample need to be removed by drying or burn-out. The solvents 
can be dried out by keeping the temperature at 120°C for a couple of hours. But 
binder burnout requires a temperature above 400°C based on the TGA result by 
Christian Martorano.
118
 When firing the NKLNSb4 tape, to avoid the possibility of 
breaking the fragile tape by handling, the drying and the binder burnout steps were 
programmed to precede the sintering step in a single heat treatment cycle. Also, to 
prevent the stress generated during drying and binder burnout from shattering the 
fragile dry tape, a fairly small ramping rate, 1°C/min, was used. The whole heat-
treatment profile for the NKLNSb4 tape is as follows: R. T.  450°C/1 hr (ramping 
5 mm 
Figure 5.2 A piece of 40µm-thick NKLNSb film sitting on 
top of a Drexel logo 
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rate: 1°C/min)  1100-1120°C/2hr (ramping rate: 5°C/min). The sintering 
temperature range was determined based on the bulk results. 
After sintering, the 3-mil, 6-mil and 10-mil tapes showed fired thicknesses of 
approximate 20 µm, 40 µm and 70 µm, respectively. Figure 5.2 is a photograph of a 
10 µm 
20 µm 
20 µm 
2 µm 
2 µm 
2 µm 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
Figure 5.3 ESEM photographs of the NKLNSb free-standing films of various 
thicknesses sintered at 1100°C for 2 hr: the cross sections [(a): 20 µm; (b): 40 
µm; (c): 70 µm] the surfaces [(d): 20 µm; (e): 40 µm; (f): 70 µm] 
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piece of 40 µm-thick NKLNSb freestanding film on top of a Drexel dragon logo. The 
film was flat and translucent. 
 The ESEM photographs of the cross-sections of these freestanding films at 
three different thicknesses are shown in Figure 5.3. It can be seen that the density of 
the film appeared to increase as the film thickness increased. The grain size of the 
freestanding film also displayed thickness dependence. The average grain size of the 
film decreased as the film thickness decreased. The 20 µm film showed a grain size 
ranging from a few hundred nanometers to 2 µm, whereas the 70 µm film showed an 
average grain size of 2-4 µm. It is worth noting that the average grain size of the 70 
µm film is in agreement with what was observed in the bulk material as demonstrated 
in Chapter 4.  
As discussed in Chapter 4, Sb-doping promotes the sintering as well as grain 
growth of the NKN-LN. The fact that the 20 µm film was porous and had a small 
average grain size indicates loss of Sb. To investigate whether there was also a 
structural difference with respect to the film thickness, the XRD patterns of the films 
of the three different thicknesses (20 µm, 40 µm and 70 µm) sintered at 1100°C for 2 
hr were compared, shown in Figure 5.4. According to our XRD peak de-convolution 
analysis in Chapter 4, the tetragonal peaks were found located on the two ends of the 
XRD pattern in the 45°<2θ<46.5° range and the orthorhombic peaks lied in between 
them. If the material is more orthorhombic, the apparent (002) peak on the left 
(consisting of the partially overlapped (002)T and (002)o peaks) should be higher than 
the apparent (200) peak on the right (consisting of the partially overlapped (200)T and 
(200)o peaks) because c=a>b in the orthorhombic phase. Here in Figure 5.4(b), one 
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can see that with decreasing film thickness, the apparent (002) peak was growing and 
the (200) peak was reducing, and they both shifted towards the mid region of the 
Figure 5.4 XRD pattern comparisons of the 20 µm, 40 µm and 70 
µm NKLNSb4 freestanding film fired at 1100°C for 2 hr: (a) 
patterns of the three samples; (b) the (200) peaks of the three 
patterns in (a). 
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pattern, indicating increasing amount of the orthorhombic phase (hence a decreasing 
amount of the tetragonal phase). One may recall in Chapter 4 that the fraction of the 
tetragonal phase in the crystalline structure of the (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 
increased with increasing x and that both the grain size and the density of the 
(Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3 ceramics increased with x when x≤0.04. Therefore, 
it is not unreasonable to consider that the reduction in the density and the grain size of 
the NKLNSb4 freestanding films with decreasing thickness could be due to Sb loss in 
the material. Secondly, in Figure 5.4(a), one can clearly see that traces of the same 
impurities, K2Nb8O21 and K2Nb6O16, previously observed in the conventionally made 
undoped NKN (Figure 3.3(b) of Chapter 3) were found existent again in the films of 
all the three thicknesses, and their intensities increased as the film thickness 
decreased. It was concluded in Chapter 3 that these impurities emerged because of the 
inferior homogeneity of the precursor powder made by the conventional method.  
Thus, this observation hints at the possibility that there might have been increasing 
potassium loss in the freestanding film as the thickness went down, since potassium 
loss is very common for sintering NKN-based ceramics. 
The above observations on the microstructure and crystalline structure of the 
NKLNSb4 thick films suggest Sb and K loss in the films. To verify this surmise, 
Energy Dispersive Spectroscopy (EDS) chemical analysis was performed on the films 
of the three thicknesses (20 µm, 40 µm and 70 µm) using an environmental scanning 
electron microscope (ESEM) equipped with EDS component (EDAX, Mahwah, New 
Jersey, U.S.A). The EDS spectra were collected on multiple locations on each sample 
to minimize the instrument error. The results are listed in Table 5.1 along with the 
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result from the bulk NKLNSb4 fired at the same conditions for comparison (lithium 
is not included in the result because it is out of EDAX’s detection limit due to its low 
atomic number).  
The nominal Sb/Nb atomic ratio in NKLNSb4 is 1/24 (≈0.042) because the 
designed Sb concentration was 4.0 mol%. In Table 5.1, one can see that the bulk  
 
 
Table 5.1 Chemical compositions of NKLNSb4 bulk and thick films with different 
thicknesses 
Samples 
Sample 
locations 
Atomic percentage (%) 
Sb/Nb ratio 
(Na+K)/Nb 
ratio Nb Sb K Na O 
20 µm 
#1 19.98 0.47 7.42 6.81 65.33 0.023 0.71 
#2 21.45 0.46 8.01 6.37 63.72 0.021 0.67 
40 µm 
#1 20.95 0.49 8.81 8.13 61.61 0.023 0.81 
#2 20 0.48 8.4 9.09 62.03 0.023 0.87 
#3 19.06 0.44 7.72 9.23 63.55 0.023 0.89 
70 µm 
#1 21.41 0.56 9.02 8.68 60.33 0.025 0.83 
#2 19.93 0.61 8.72 8.51 62.23 0.030 0.86 
#3 21.67 0.63 8.78 9.32 59.6 0.028 0.84 
Bulk 
NKLNSb4 
#1 22.30 0.91 10.33 10.50 55.96 0.039 0.93 
#2 23.44 0.93 10.44 10.42 54.77 0.038 0.89 
#3 24.35 0.95 10.82 10.61 53.27 0.038 0.88 
 
 
 
NKLNSb4 has a Sb/Nb ratio very close to the nominal value. However, with 
decreasing thickness of the material, the Sb/Nb ratio decreased and the Sb 
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concentration was almost half the value of the bulk when the thickness was 40 µm or 
smaller. Similar behavior was also observed for the (Na+K)/Nb ratio (nominal value: 
1.0), which explains the increased impurity peak intensities in Figure 5.4(a). It is 
worth noting that the small atomic numbers of Na and K dictates less accuracy in 
their quantities calculated from the film when compared with Nb and Sb. 
Nevertheless, this should not affect the trend of their concentrations as functions of 
the material thickness.  
Based on the above structural and compositional results of the NKLNSb4 
thick films, we may conclude that the films exhibited more severe cation losses than 
the bulk material during sintering. High volatility of antimony has been known in 
other ceramic systems.
119-121
 Although notable Sb loss in Sb-contained NKN-based 
materials has not yet been reported so far.
74-76,84
, in light of our aforementioned 
results, it is not surprising that more Sb loss was observed in the NKLNSb4 thick 
films because the volatile ions (Sb, K and Na) can more easily travel to the surface of 
the material and departure at high temperature than in the bulk due to the small 
traveling distance to the material surface. 
 
5.4 Piezoelectric property characterization of the NKLNSb4 freestanding films 
For characterizing the piezoelectric properties of bulk piezoelectric ceramics, 
samples with circular disc shapes are often used.
87
 However, in the case of our 
freestanding film, this becomes difficult because of the much smaller dimension 
along the thickness direction and the fragility of the films relative to the bulk 
materials. First of all, a film sample with well-defined circular shape is very difficult 
20 µm 10 µm 
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to obtain since cutting or punching the green tape always results in curling or 
wrinkling on the sample edge due to the residual stress introduced.
51
  The 
piezoelectric coefficient d33 cannot be measured by a conventional d33 tester because 
the physical contact between the sample and the tester probes will shatter the sample 
fairly easily. The resonance measurements suggested by the IEEE standard on 
piezoelectricity
87
 are also difficult to implement on the film samples because the 
conductive glue required for connecting the leads of the sample can easily introduce 
noise peaks into the sample’s vibration spectrum due to the small thickness and mass 
of the sample. Therefore, in this study, we used two static methods to measure the 
transverse piezoelectric coefficients, d31, of the NKLNSb4 freestanding films: (1) 
direct measurement: use the lateral displacement of a strip of NKLNSb4 freestanding 
film under an applied electric field. (2) Use the bending displacement of an 
NKLNSb4 cantilever with a Cu non-piezoelectric layer under an applied electric field.     
 
5.4.1 Direct measurement of d31 of the NKLNSb4 freestanding films by the lateral 
displacement under DC electric field 
When there is no external stress applied to a piezoelectric, according to 
equation (2.2) the lateral strain 𝑆3 of the piezoelectric can be expressed as: 
𝑆3 = 𝑑31𝐸3 
Where 𝐸3  is the electric field applied along the direction 3, namely, the 
polarization direction of the material. Therefore, for the direct measurement of the d31, 
we applied a DC voltage (𝑉) across the thickness direction of an NKLNSb4 strip that 
has thickness of 𝑡 and was polarized along the thickness direction. By measuring the 
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induced lateral displacement 𝐿 with a laser displacement meter, the lateral strain 𝑆3 
can be obtained so 𝑑31 can be deduced using: 
𝑑31 =
𝑆3
𝐸3
=
∆𝐿/𝐿
𝑉/𝑡
=
∆𝐿 ∙ 𝑡
𝑉 ∙ 𝐿
          (5.1) 
The direct measurement of the d31 by the lateral strain of the NKLNSb4 strips 
20 μm 
20 µm 
(a) 
(b) 
Figure 5.5 ESEM photographs of the cross sections of the 40-μm 
[(a)] and 70-µm [(b)] NKLNSb4 freestanding film used for 
piezoelectric property measurement. 
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were carried out on the freestanding films at two thicknesses: 40 µm and 70 µm, 
because 20 µm samples broke down during the poling process due to the high 
porosity of the film as shown in Figure 5.3. To prepare the strips, the NKLNSb4 
green tapes (L× W: 1cm× 2.5cm) were sintered at 1110ºC for 2 hr. The ESEM 
photographs of the films showed (Figure 5.5) dense microstructures at both 
thicknesses. One issue worth pointing out is that a relatively low success rate for 
poling was found for the NKLNSb4 freestanding films. Only about 50% of the 
samples could survive the poling process. This is because the influences of defects 
such as pin holes to the sample quality are amplified due to the small sample 
thicknesses. Also, tape casting technique is a pressure-less process so the precursor 
powder was only compacted by the shear motion at the doctor blade, resulting in 
much less green density than the bulk materials which are compacted by uniaxial 
pressing at 200 MPa. Therefore, the freestanding films are more inclined to dielectric 
breakdown than the bulk materials, causing a low success rate of poling.    
Pt/Pd alloy of thickness of ~10 nm was sputtered on both sides of the film to 
form electrodes. The film was then cut into a strip that was 11 mm long, 1.6 mm wide, 
using a precision wire saw (Model: WS22, Princeton Scientific Corp., Princeton, NJ). 
One end of the strip was fixed to a glass substrate using non-conductive epoxy glue 
(Henkel Corp., Rocky Hill, CT). A small titanium foil (1 mm×1 mm×0.025mm) was 
glued at the free end of the strip and perpendicular to the film’s planar direction, as a 
mirror for the laser to focus on. Gold wires (25 µm in diameter) were attached to both 
side of the strip using a minuscule droplet of silver thermal glue (XCE-3104XL 
adhesive, Emerson & Cuming, Billerica, MA) as leads to provide electrical contact. A 
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photograph of one of the samples is shown in Figure 5.6. Before the measurement, 
the strip was poled on a hot plate at 25 kV/cm at 120ºC for 30 min and aged for over 
24 hr.  
 
A laser displacement meter (LC-2450, Keyence Corporation, Osaka, Japan) 
with a resolution of 0.5 µm was used to measure the lateral displacement. During the 
measurement, both the sample and the displacement meter were clamped down on a 
floated Newport optical table (RS1000, Newport Corporation, Irvine, CA) to avoid 
the influence of the ambient vibration. A cardboard box was also used to cover 
experiment setup to minimize the disturbance of air. The DC voltage was across the 
sample thickness applied by a DC power supply.   
Ti mirror 
Gold wire 
NKLNSb4 strip 
1 mm 
Figure 5.6 Photograph of the NKLNSb4 strip sample for 
the lateral displacement measurement. 
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For comparison purposes, direct lateral displacement measurement was also 
made on a separate bulk Sb-doped NKN-LN bar 10 mm long, 1.9 mm wide and 550 
m thick. 
 
The measured lateral strain and the deduced -d31 versus E is plotted in Figure 
5.7 where E is the DC electric field. The DC field was applied along the same 
direction in which the sample was polarized. The data points started at 3 kV/cm and 6 
kV/cm for the film and the bulk, respectively, because the displacements of these 
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Figure 5.7 Strain and deduced -d31 of a 40µm thick NKLNSb4 freestanding 
film and the bulk material by lateral displacement measurement. 
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samples at lower fields were smaller than the resolution of the laser displacement 
meter (0.5 µm). 
As shown in Figure 5.7, the freestanding film showed –d31 of 80 pm/V at E=2 
kV/cm, consistent with the value we found in the bulk material (Chapter 4). From 3-4 
kV/cm and up, a phenomenal enhancement in the d31 appeared. The d31 reached 
above 1700 pC/N at around E=8 kV/cm, a more than 20 fold enhancement with 
respect to the bulk value. On the other hand, the NKLNSb4 bulk material showed 
very limited enhancement. Its -d31 value only reached slightly about 200 pm/V when 
the E field is as high as 13 kV/cm. Comparing the –d31 of the freestanding film at 7-8 
kV/cm (~1600-1700 pm/V) to that of the bulk at the same electric field (150-200 
pm/V), again, one can find a 8-10 fold increase in the piezoelectric response for the 
freestanding film.  
Similar enhancement was also observed in the 70 µm strip. The dependence of 
the lateral strain on the applied DC electric field for the two different film thicknesses 
is plotted in Figure 5.8 for comparison. The freestanding films of two different 
thicknesses displayed about the same behavior at E≤5kV/cm. However, the lateral 
strain for the thicker 70 µm film started to plateau when the field was greater than 5 
kV/cm, which for the 40 µm film only happened when the field was greater than 8 
kV/cm. During the measurements for both samples, it was found that the dielectric 
loss factor increased by 3-4 percent after repeated measurements under E fields. This 
could be due to the defect problem stated earlier. Repeatedly exposing the film under 
large E fields may be detrimental to the sample and make the sample more conductive, 
leading to the lowering of the piezoelectric response. 
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5.4.2 Measurement of d31 for NKLNSb4 freestanding film using cantilever bending 
When a thin piezoelectric material bonded to a non-piezoelectric material 
layer is under a DC electric field, the bi-layer structure bends because of the 
constraint of the non-piezoelectric layer to the piezoelectric material. If one end of 
this bi-layer structure is clamped, a cantilever is obtained. By measuring the tip 
displacement of the cantilever under a DC field, the d31 of the piezoelectric material 
can be deduced.
122,123
 
𝑑31 =
∆𝑕
3𝐿2𝑉
𝐸𝑝
2𝑡𝑝
4 + 𝐸𝑛
2𝑡𝑛
4 + 2𝐸𝑝𝐸𝑛𝑡𝑝𝑡𝑛 2𝑡𝑝
2 + 2𝑡𝑛
2 + 3𝑡𝑝𝑡𝑛 
𝐸𝑝𝐸𝑛𝑡𝑛 𝑡𝑝 + 𝑡𝑛  1 − 𝜍 
          (5.2) 
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Figure 5.8 Lateral strain vs. DC electric field for the NKLNSb4 
freestanding films of two different thicknesses. 
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where ∆𝑕 is the bending displacement at the tip of the cantilever, 𝐿 the cantilever 
length, 𝑉  the applied DC voltage, 𝜍 ≅ 0.3  the Poisson’s ratio, 𝑡𝑝  and 𝑡𝑛  are the 
thicknesses of the piezoelectric layer and the non-piezoelectric layer, respectively; 𝐸𝑝  
and 𝐸𝑛  are the Young’s moduli of the piezoelectric layer and non-piezoelectric layer, 
respectively.  
To use cantilever bending to measure the 𝑑31 of the NKLNSb4 freestanding 
film, NKLNSb4 cantilevers with Cu as the non-piezoelectric layers were built. This 
Cu layer also served as the electrode on one side of the film. In this case, 𝐸𝑝=82 GPa 
according to the resonance measurement for NKLNSb4 discussed in Chapter 4, and 
𝐸𝑛=130 GPa for Cu.  
The Cu layer could not be bonded to the NKLNSb4 film with conductive 
adhesives because of the fragility of the film. Therefore, we used electroplating 
technique to coat a thin layer of Cu onto the NKLNSb4 film. Electroplating is a 
process that uses electrical current to reduce the desired metal ions from a solution 
and coat a thin layer of the metal onto a conductive surface. To electroplate a Cu 
layer onto our NKLNSb4 film, a saturated CuSO4 aqueous solution was used. The 
surface of the NKLNSb4 film to be coated with Cu was first sputtered with a thin 
layer (~10 nm) of Pt/Pd alloy to provide conductivity required by electroplating. 
A schematic of the electroplating setup is shown in Figure 5.9. On the anode, 
the Cu foil is reduced to Cu
2+
 ions: Cu  Cu2++2e-; on the cathode, the Cu2+ in the 
CuSO4 solution is oxidized to form the Cu layer on the Pt/Pd surface: Cu
2+
+2e
-Cu. 
The thickness of the Cu layer 𝑡𝑛  is governed by the following equation: 
𝑡𝑛 =
𝐴𝐶𝑢
𝑛𝐹𝜌
𝐼
𝑆
𝑇          (5.3) 
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where 𝐴𝐶𝑢  is the atomic weight of Cu, 𝐼  the current, 𝑆  the area of the Pt/Pd 
conductive surface on the sample, 𝑛=2 the charge of a Cu ion, 𝐹=96485 coulomb/mol 
the Faraday constant, 𝜌  the density of Cu (8.96 g/cm3) and 𝑇  the time length of 
plating.  
During plating, we set the plating current to be 0.04 Ampere and controlled 
the desired Cu thickness by varying the plating time 𝑇. For example, to coat a 25 µm-
thick Cu layer onto a sample with area of 0.89 cm
2
, the calculated 𝑇 is about 25 
minutes.  
Cu foil 
Pt/Pd layer 
NKLNSb4 
CuSO4 solution 
Cu
2+
 Cu
2+
 
Cu
2+
 
Cu
2+
 
I 
Anode 
Cathode 
Figure 5.9 Schematic of the electroplating setup used to 
coated Cu layer onto the NKLNSb4 films 
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After the electroplating was finished, the other side of the film was sputtered 
with ~10 nm-thick Pt/Pd alloy as the electrode. Note that this step must be conducted 
after the electroplating for the other side, to avoid the plated Cu layer from growing 
over the edge of the sample and coating on the back side of the film because of the 
conductive surface. The coated film was then cut into small strips with 0.6-0.7 mm in 
width and 2-4 mm in length using the precision wire saw. Similar to the method of 
preparing the samples for the lateral displacement measurement described in 5.4.1, 
gold wires were attached to each side of the strip as the leads and then one end of the 
strip was buried in the non-conductive epoxy adhesive on a glass slide to form the 
cantilever structure. 
 
Figure 5.10 shows the ESEM photograph of the straight edge of a 
NKLNSb4/Cu cantilever cut by the precision wire saw. A dense and uniform Cu layer 
20 µm 
Figure 5.10 ESEM photograph of the straight edge of a NKLNSb4/Cu 
cantilever cut by the precision wire saw. 
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is displayed. All the cantilevers are poled on a hot plate at 20 kV/cm and 120ºC for 30 
min and aged for over 24 hr prior to the bending measurement. 
The schematic of the experimental setup of the NKLNSb4/Cu cantilever 
bending measurement is shown in Figure 5.11. During the measurement, the whole 
setup was fixed down on a floated optical table to avoid the influence of the ambient 
vibration and a cardboard box was also used to cover experiment setup to minimize 
the disturbance of random air flow. 
 
During the experiment, it was found that the cantilever with different 
thicknesses of the Cu layer exhibited different magnitude of the electric-field 
enhancement. Figure 5.12 shows the bending displacement at the cantilever tip for 
Laser 
head 
Figure 5.11 Schematic of the NKLNSb4/Cu cantilever bending 
displacement measurement setup. 
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two different cantilevers of different NKLNSb4/Cu thickness ratios. The negative 
value of the applied DC electric field indicates the direction of the field was opposite 
to the direction in which the sample was poled. The positive field value means the 
field was applied along the poling direction. Cantilever 1 had a 70 µm-thick NKLNSb 
layer and an 18 µm-thick Cu layer whereas Cantilever 2 had a 40 µm-thickn 
NKLNSb layer and a 25 µm-thick Cu layer. Cantilever 1 was 2.5 mm long and 0.6 
mm wide. Cantilever 2 was 3.5 mm long and 0.7 mm wide.  
In Figure 5.12, one can see that the tip displacement under the negative fields 
possessed a opposite sign to that under the positive fields and stayed roughly linear 
-6 -4 -2 0 2 4 6 8 10 12
-30
-20
-10
0
10
20
30
40
50
60
DC electric field (kV/cm)
 
 
B
e
n
d
in
g
 d
is
p
la
c
e
m
e
n
t 
(
m
)  Cantilever 1_ t
p
=70m, t
n
=18m
 Cantilever 2_t
p
=40m, t
n
=25m
Figure 5.12 Bending displacement of the cantilever tip as a function of the 
applied DC electric field for two cantilevers with two different 
NKLNSb4/Cu thickness ratios. 
 
108 
 
under smaller fields (<5 kV/cm), indicating that the induced strain by the E fields in 
the NKLNSb4 film was due to piezoelectric effect, not electrostrictive effect. 
At the same level of electric field, cantilever 1 exhibited a much larger tip 
bending displacement than cantilever 2, despite of its shorter length. Both cantilevers 
exhibited almost symmetric field dependence of the displacement at low fields (the 
measurement on the negative field side was only carried out up to E= -5 kV/cm to 
avoid the depolarization detrimental to the sample’s piezoelectric performance). On 
the side of positive field, as the field strength further increased to above 5 kV/cm, the 
tip displacement displayed a non-linear increase as the field. 
 
Using equation 5.2, the deduced d31 for the two cantilevers based on the 
displacement data are shown in Figure 5.13. One can see that cantilever 2 that had a 
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larger Cu layer thickness displayed very limited electric field enhancement in d31. At 
1 kV/cm, its deduced d31 is ~-80 pm/V, in agreement with the bulk value. As the field 
strength increased, the d31 slowly increased and reached only ~-170 pm/V at 6 kV/cm. 
In contrast, cantilever 1 which has a thinner Cu layer presented much larger electric 
field enhancement in d31. The d31 abruptly increased at a fairly small field, 1 kV/cm 
and reached ~500 pm/V at 10 kV/cm, showing a 6-fold increase with respect to the 
bulk value (82 pm/V). However, this enhancement is still smaller than what was 
observed in the NKLNSb4 freestanding film with no non-piezoelectric layer as shown 
in Figure 5.7. Evidently, there was a thickness effect of the Cu layer on the electric 
field enhancement of the NKLNSb4 freestanding film. As the Cu layer thickness 
increased relative to the film thickness, the field enhancement effect on the film’s 
piezoelectric response was significantly inhibited.  
Because of the small thickness of the films and the freestanding condition, it is 
conceivable to attribute the large electric field enhancement on the piezoelectric 
response of the NKLNSb4 freestanding films to the ease of domain switching 
imparted by the small number of the grains along the film thickness direction and the 
strong depolarization field caused by the film geometry.  
In the case of piezoelectric thin films deposited on substrates, it is well known 
that the piezoelectric response of thin films is typically smaller than that of the bulk 
materials. This has been attributed to two possible reasons: (1) the clamping effect of 
the substrate and (2) the inability to activate non-180° domain wall motion due to the 
small grain size dictated by the small thickness (usually <1 µm) of thin films. For the 
first case (substrate clamping), the theory for thin films assumes there is no transverse 
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strain in the film’s planar direction because of the large thickness of the substrate (~1 
millimeter) compared to that of the thin films (<1 µm). This “ideal” clamping causes 
approximately 50% decrease of the piezoelectric coefficient in the case of PZT.
124-126
 
Here in our case, although there was a non-piezoelectric layer (Cu) bonded to the 
freestanding film, the Cu thickness was still smaller than the thickness of the 
freestanding film. The “ideal” clamping condition described above thus does not 
apply to our NKLNSb4/Cu cantilevers. The second case (non-180° domain activity) 
however appeared more plausible. Although our freestanding films were much 
smaller in thickness compared to the bulk materials, they were still much thicker than 
thin films, which allowed the grains to be able to grow and possess similar size 
(several microns) as those in the bulk materials. The small number of grains along the 
thickness direction can greatly reduce the pinning of the grain boundary.  However, 
when there was a Cu layer bonded to the freestanding film, the lateral strain resulted 
from non-180° domain switching could be limited because of the interfacial 
constraint by the Cu layer. As the Cu thickness increased relative to the film thickness, 
it is not unreasonable to think that this constraint may become more and more evident 
to the NKLNSb4 layer, giving rise to the hindered enhancement in the piezoelectric 
response at a given E field. However, it is worth noting that the enhancement was still 
large (a 6-fold increase at 10 kV/cm compared to the zero-field value) when the Cu 
layer was thin (18 µm). Also, in PMN-PT freestanding film’s case,51 the Cu thickness 
of the PMN-PT/Cu cantilever was merely 5 µm, much smaller than the 18 µm and 25 
µm used in this study, and a large E field enhancement (a 7-fold increase in d31 at 8 
kV/cm compared to the zero-field value) was observed. Thus, there appeared to be a 
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maximum thickness of the Cu layer to achieve large E-field enhancement of the 
piezoelectric response of the freestanding films. A thicker Cu layer may start 
introducing appreciable constraint to the non-180° domain switching of the 
freestanding film. 
Therefore, in order to ensure the large enhancement, great care needs to be 
taken when choosing the Cu or other metal layer thickness for the freestanding film in 
future experiments or applications. 
It should be noted that the enhancement of piezoelectric constants induced by 
DC electric fields was also observed in the lead-based systems such as PZT-5H
127,128
 
and even the NKN bulk ceramics
26,59
. However, the magnitudes of the enhancement 
reported in those systems were only about 2 times of the value at a zero field, 
significantly smaller than what we’ve found in the NKLNSb4 freestanding films. 
 
5.5 Domain switching study of the NKLNSb4 freestanding films under DC 
electric fields   
The NKLNSb4 freestanding films are polycrystalline piezoelectrics. It was known 
that about two thirds of the piezoelectric response of a polycrystalline piezoelectric 
ceramic is accounted for by the extrinsic contributions, mainly, the mobility of the 
domain walls. Domain walls are the transition regions between different variants of 
ferroelectric phases (domains).  
To investigate the reason behind the large piezoelectric response observed in the 
NKLNSb4 freestanding films as discussed above, the domain switching behavior of 
the films needs to be studied. Two different approaches of studying the domain 
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switching behavior of the freestanding film under DC fields were used in this thesis 
study:  
(1) The behavior of the dielectric constant under DC fields. Large piezoelectric 
response results from large piezoelectric strain, which can be related to the switching 
of non-180º domains because of 180º domain switching does not contribute to the 
strain in the material under an electric field. In piezoelectric single crystals, the 
dielectric constant is strongly anisotropic, as demonstrated in BaTiO3.
10
 In 
piezoelectric ceramics, although this dielectric constant difference becomes much 
smaller due to the random orientation of the grain, it can still be observed after a DC 
electric field is applied to orient the domains because a-domains have larger dielectric 
constant than c-domains, as demonstrated in PZT thin films.
111,129
 Although this 
dielectric constant difference between the a-domains and c-domains has not yet been 
reported in NKN-based materials, a recent article reported that the (001)-cut 
0.95NKN-0.05LiNbO3 (very similar to the composition of the 0.945NKN-0.055LN 
used in this thesis study) single crystal had a dielectric constant of merely 185 at 100 
kHz,
130
 much smaller than the literature value (~500) for the polycrystalline materials 
with similar compositions.
69,72,131
 This suggests that the c-oriented polycrystalline 
NKN-LN possesses a lower dielectric constant than the a-oriented polycrystalline 
NKN-LN. Therefore, the domain switching of ferroelectrics can be studied by 
investigating the behavior of the dielectric constant under a DC electric field, 
(2) In-situ XRD study. Under a DC electric field, the non-180º domain switching 
is realized by the non-180º switching of the polar axes within the lattices to the 
directions allowed by the crystalline structure. This re-orientation of the polar axes in 
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unit cells will be reflected by the intensity change of the ceramics’ corresponding X-
ray diffraction peaks. Therefore, the non-180º domain switching may also be 
investigated by in-situ XRD. 
5.5.1 Behavior of the dielectric constant of the NKLNSb4 freestanding films under 
DC bias 
At a zero field and room temperature, the dielectric constants and the loss factors 
(at 1 kHz) of NKLNSb4 films of the three thicknesses are listed in Table 5.2. The 
dielectric constant increased and the loss factor decreased as the thickness increased, 
and the 20 µm film was not usable due to the high loss factor. These values are in 
agreement with the porosity trend the microstructure observed in Figure 5.3 and the 
Sb concentration trend found in the compositional analysis results in Table 5.1.  
 
Table 5.2 Dielectric properties of the NKLNSb4 freestanding film at different 
thicknesses 
 
NKLNSb4 film of different thicknesses 
20 µm 40 µm 70 µm 
Dielectric constant 𝜀33
𝑇  500 780 820 
tanδ 21.6% 5.0% 4.1% 
 
 
Figure 5.14 shows the dielectric constant change as a function of the applied DC 
electric field for the NKLNSb4/Cu cantilevers with different NKLNSb4/Cu thickness 
ratios, the NKLNSb4 strips (with no non-piezoelectric layer) and the bulk NKLNSb4. 
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When the electric field was positive (applied along the poling direction), the dielectric 
constants of all the samples decreased as the field increased, indicating that the in -
plane polarization switched into the out-of-plane direction, namely, tetragonal a-
domains becoming tetragonal c-domains. However, it is very clear in the figure that at 
the same level of electric field strength all the freestanding film samples (the 
cantilevers and the strips) displayed evidently more dielectric constant decrease than 
the bulk material, indicating easier domain switching. However, the strips and the 
cantilevers exhibited similar degree of dielectric constant decrease. 
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When the field was negative (applied oppositely to the poling direction) the 
dielectric constants of the samples exhibited different behaviors. As the negative field 
increased, the dielectric constants of both NKLNSb4/Cu cantilevers as well as the 
bulk material first increased and then decreased, corresponding to the conversion 
from c-domains to a-domains and then to c-domains (oriented 180° to the original c-
domains). The dielectric constant of the NKLNSb4 strips, on the other hand, showed 
almost no increase at very low negative fields (E≤2 kV/cm) and then monotonically 
decreased as the field strength further increased. This observation suggests that under 
a negative E field only a very small field is required to initiate the switching of the 
polarization of a fully freestanding Sb-NKLN film to the opposite direction (i. e. 180° 
domain switching). When comparing the dielectric constant maximum under the 
negative field for NKLNSb4/Cu cantilevers 1 and 2 and the bulk material, one can 
find that the maximums of cantilever 2 with a relatively thicker Cu layer and the bulk 
NKLNSb4 coincided at the same electric field, about 5 kV/cm. However, cantilever 1 
with a relatively thinner Cu layer exhibited its maximum at a lower field, 2-3 kV/cm. 
This difference in the threshold values of the electric field for switching in-plane 
polarization back to the out-of-plane direction suggests that the domain mobility of 
the NKLNSb4 freestanding films increased as the thickness of the Cu layer became 
smaller relatively to that of the NKLNSb4 layer. In the freestanding film bonded 
without a Cu layer, because of the small thickness of the film, there are normally 
merely 10-30 grains across the thickness direction. The domains in these grains can 
rotate more freely than those in the bulk, thus almost no threshold E field is required 
to turn the polarization by 180°.  However, when there is a Cu layer bonded to the 
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film, these grains are subjected to the mechanical constraint by the Cu layer which 
retrains the domain switching within the grains. It is possible that the strength of this 
constraint is dependent upon the number of the “Cu-Cu” atomic bonds in the Cu in 
the planar direction of the film since that is the induced strain direction as non-180° 
domain switching happens. When the Cu layer is thin, the number of the “Cu-Cu” 
bonds in the planar direction is small and the constraint is very limited. As the 
thickness of the Cu layer increases, the number of the “Cu-Cu” bonds increases so a 
higher electric field is required to overcome its clamping to the piezoelectric layer. 
However, this hypothesis still needs further investigation to verify. 
5.5.2 In-situ XRD study of NKLNSb4 freestanding films under DC electric fields 
To perform in-situ XRD study on the NKLNSb4 freestanding films under DC 
electric field, the film was electroded on both sides with Pt/Pd alloy by sputtering and 
then was cut into rectangular pieces with an area of ~1 cm
2
. The electrodes are thin 
enough (only ~10 nm) to allow X-ray penetration. A photo of the experimental setup 
is shown in Figure 5.15. In-situ XRD measurements were performed both unpoled 
and poled films as well as bulk samples (0.55 mm-thick discs). To ensure the domain 
switching behavior of the bulk samples is affected by the electrode, the same Pt/Pd 
electrodes were sputtered onto the bulk samples as the electrodes instead of using 
conventional Ag paste. The poled freestanding film samples were poled at 15 kV/cm 
and 120ºC for 30 min on a hot plate, field cooled to room temperature and aged for 24 
hr prior to the measurement. The XRD scan was conducted with step size of 0.01º and 
the 2θ range of 44.5º-47º, where the (200) peaks are located, was chosen as the scan 
range. 
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The result for the unpoled 40µm film is shown in Figure 5.16. Because of the 
coexistence of the orthorhombic phase and tetragonal phase in the material, the XRD 
patterns in the 2θ range can be de-convoluted into 4 individual peaks: tetragonal 
(200)T, tetragonal (002)T, orthorhombic (020)O, and orthorhombic (002)O, with the 
two tetragonal peaks on the sides and the two orthorhombic peaks in the middle, as 
demonstrated in Chapter 4.  As shown in Figure 5.16, limited domain switching was 
observed when E≤5 kV/cm. At 10 kV/cm, there was intensity increase in the mid-
region as well as intensity increase and decrease for the (002)T and (200)T peaks, 
Figure 5.15 Experimental setup of the in-situ XRD measurement for the 
NKLNSb4 freestanding films. The insert is a photograph of a sample. 
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respectively. When the E-field further increased, the mid-region significantly 
diminished with both tetragonal peaks increasing. 
 
To understand this, quantitative peak de-convolution analysis was performed on 
the pattern at every electric field using the Fityk software
89
 to investigate how each 
individual peak changed at different E-field. The peak de-convolution results for E=0, 
10 and 15 kV/cm are shown in Figure 5.17. The integrated peak intensities for all the 
four peaks are listed in Table 1. As one can see in Figure 5.17, the mid-region growth 
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Figure 5.17 Peak de-convolution results for the <200> XRD pattern 
of an unpoled 40-µm NKLNSb4 freestanding film at different 
electric fields: (a) 0 kV/cm, (b) 10 kV/cm and (c) 15 kV/cm 
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at 10 kV/cm resulted from the (020)O increase and the (002)O decrease, which can be 
illustrated by the domain switching schematic of the orthorhombic phase in Figure 
5.18. In this figure, the E field was assumed to apply along the vertical direction 
pointing upwards. The top row of the schematic shows all the possible domains 
present in the free-standing film at a zero field.   
For the orthorhombic phase in the film, the situation is shown in Figure 5.18 (a). 
The possible polar directions are the <110> directions which can be further classified 
into direction 1, 2 and 3 in scenario (I), (II) and (III), respectively. Among them, (I) 
and (II) can both be considered the orthorhombic c-domain and (III) the orthorhombic 
b-domain by relating their crystalline axes to the planar direction of the film (normal 
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to the E field direction in the figure). Similarly, (IV) and (V) show the scenario of 
tetragonal c-domain and a-domain, respectively. When E-field was increased to 10 
kV/cm, for scenario (I), direction 1 was already the nearest polar direction allowed by 
the orthorhombic symmetry. Thus, no switching happened in this case. However, for 
scenario (II), the dipoles in direction 2 started to switch to the nearest polar direction 
allowed by the orthorhombic symmetry, direction 3, becoming an orthorhombic b-
domain. Therefore, the (002)O decreased whereas the (020)O peak increased. As a 
result, the growth in the mid-region of XRD pattern was observed. As the E-field 
further increased to 15 kV/cm, O-T phase transition may be induced so the 
orthorhombic unit cells turned into tetragonal ones by further switching the dipoles in 
direction 1 to direction 5 [for scenario (I)] or switching the dipoles in direction 3 into 
direction 4 or 5 [for scenario (II)]. Therefore, both tetragonal peaks in the XRD 
pattern increased. 
For the tetragonal phase in the film, the situation is shown in Figure 5.18(b). As 
the field strength increased, tetragonal a-domains might switch up to become c-
domains by switching the dipoles in direction 4 to direction 5 [scenario (IV)] and 
tetragonal c-domains’ orientation remain [scenario (V)], which resulted in the 
intensity increase of both tetragonal peaks. 
The integrated intensities of the four individual peaks obtained from the de-
convolution are listed in Table 5.3 and the fraction of the tetragonal phase was 
calculated using equation 4.5. The increase of the tetragonal phase fraction supports 
the hypothesis of the E field induced orthorhombic-to-tetragonal phase transition 
illustrated in Figure 5.18(a). 
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Table 5.3 XRD peak intensity changes for the four individual peaks at 44.5º<2θ<47º 
for unpoled 40µm NKLNSb4 film 
 T(002) O(002) O(020) T(200) 
Tetra. 
Fraction 
0 kV/cm 178 98 55 378 0.78 
5 kV/cm 187 72 84 359 0.78 
10 kV/cm 263 11 117 329 0.82 
15 kV/cm 252 57 17 385 0.90 
 
After poling, however, the domain switching of the freestanding films became 
much less, as shown in Figure 5.19. Only a small amount of intensity decrease was 
observed in the mid region of the pattern, suggesting the field-induced orthorhombic-
to-tetragonal transition. Similar behavior was observed for the 70 µm film as well. 
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This phenomenon was also observed in the case of PMN-PT freestanding films, 
where the XRD pattern of the poled samples at a zero E field were found to be able to 
repeatedly return to the original pattern after the small change induced by the E field. 
It was therefore suspected that the large field enhancement of the piezoelectric 
response observed in PMN-PT freestanding films was due to the switching (under E 
field) of some of the domains that relaxed back to the original state after poling.
51
  
The same behavior was also observed in our NKLNSb4 freestanding film.  Figure 
5.20 shows the XRD patterns of a poled 40 µm sample at a zero E field after exposed 
to electric fields of 10 kV/cm and 20 kV/cm for 10 min at room temperature. One can 
see that after the field is removed the XRD pattern can always recover to the original 
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zero-field one. Therefore, the relaxed domains after poling may also contribute to the 
E-field enhancement of the piezoelectric response for the NKLNSb4 freestanding 
film. However, the degree of the domain switching still appeared to be smaller than 
one would expect from the large d31 shown in Figure 5.7 and Figure 5.13 (The 
deduction of d31 using the in-situ XRD data have been demonstrated in the cases of 
PZT and PMN-PT.
52,132
 The calculation for this study is described in Appendix I). 
Further investigation of the domain behavior under DC electric fields is thus still 
required. 
 
The bulk sample, on the other hand, displayed quite different results. Unlike the 
freestanding film, the in-situ XRD patterns of an unpoled bulk disc only displayed a 
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Figure 5.21 In-situ XRD patterns of unpoled NKLNSb4 bulk disc 
(0.55 mm thick) 
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small amount of ac domain switching of the tetragonal phase and no field-induced 
orthorhombic-to-tetragonal phase transition was observed (Figure 5.21). After poling, 
the bulk disc showed almost no domain switching even when the E field was as high 
as 20 kV/cm (Figure 5.22). These results show that domains can switch more easily in 
the NKLNSb4 freestanding film than in its bulk counterpart, indicating that the 
freestanding film geometry is indeed critical for the large enhancement effect to be 
observed. 
 
5.6 Chapter summary 
The freestanding films of lead-free (Na0.5K0.5)0.945Li0.055Nb0.96Sb0.04O3 were 
fabricated at three different thicknesses: 20 µm, 40 µm and 70 µm. The freestanding 
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films displayed significant loss of the alkaline elements (Na and K) as well as 
antimony compared to the bulk counterpart, and the element losses became more 
severe as the film thickness decreased, leading to the decrease in the density,  the 
grain size and the dielectric constant of the film. 
Large electric field enhancement in piezoelectric response similar to PMN-PT 
freestanding films was discovered for the (Na0.5K0.5)0.945Li0.055Nb0.96Sb0.04O3   
freestanding films as well. d31 of -1700 pm/V (at 8 kV/cm) was found in the 
freestanding film with no non-piezoelectric layer and a smaller value (-500 pm/V at 
11 kV/cm) was obtained for the film with a Cu layer. The piezoelectric response of 
the films strongly depends on the thickness of Cu which was attributed to the 
clamping effect to the film by the Cu layer. 
The domain switching behavior of the freestanding films was investigated by 
studying the DC field dependence of the dielectric constant and in-situ XRD. The 
freestanding films showed more domain mobility than the bulk counterparts. Domain 
switching accompanied with E-field-induced orthorhombic-to-tetragonal phase 
transition was observed in the unpoled films. However, much smaller domain 
switching was shown in the poled films, similar to the case of PMN-PT freestanding 
film.
51
  Although the relaxed domains after poling can contribute to the field 
enhancement effect of the piezoelectric response in the freestanding films, further 
investigation is still needed to clarify the mechanism behind the enhancement.  
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6: SUMMARY AND FUTURE WORK 
 
6.1 Summary of results and conclusions 
In this thesis study, a colloidal coating method was developed to synthesize 
(Na0.5K0.5)NbO3 (NKN) ceramics to improve its sintering. This method eliminates the 
need of cold isostatic pressing (CIP) to form NKN compacts for better sintering. 
Conventional uniaxial pressing is adequate for the NKN prepared using the coating 
method to achieve the density, dielectric properties and piezoelectric properties 
comparable to those obtained by CIP. The coating method also provides more 
homogeneous mixing of the starting powders and produces purer NKN powder than 
the conventionally made powder at the same heat treatment. When combined with a 
sintering aid, the coating method yields the NKN ceramics with higher density, higher 
dielectric constant and piezoelectric coefficient, and lower dielectric loss than those 
obtained using the conventional method with the sintering aid.  
Effects of an important dopant for NKN-based materials, antimony, on the 
microstructure, crystalline structure, dielectric and piezoelectric properties of the 
0.945NKN-0.055LiNbO3 solid solution (NKN-LN) were also studied by varying Sb 
concentration x in (Na0.5K0.5)0.945Li0.055Nb(1-x)SbxO3. A liquid phase with 2-3%Sb was 
found present at x=0.04 and 0.06. Although no liquid phase was observed by SEM for 
x=0.01 and 0.02, the grain boundary of all the compositions with x≤0.06 also showed 
2-3%Sb concentration, indicating this grain-boundary phase might be the reason for 
the improvement in the density and the grain size of the materials. Sb doping greatly 
improved the piezoelectric properties of NKN-LN and showed a maximum at 4%Sb 
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(d33=240 pC/N, d31=-82 pC/N and kp=0.42), which were attributed to the maximum 
grain size, density and the near-R.T. orthorhombic-tetragonal phase transition 
temperature that also coincide at this composition. 
In light of the giant electric field enhancement effect in the piezoelectric 
response of PMN-PT freestanding films, 4%Sb-doped NKN-LN (NKLNSb4) was 
fabricated into freestanding films using tape casting technique to explore the similar 
effect for the first time in a lead-free system. A nearly 20-fold increase in d31 over 
that at zero field was observed in the 40 µm NKLNSb4 freestanding strip with no 
non-piezoelectric layer by lateral displacement measurement. A d31 of ~-1700 pm/V 
was obtained at 8 kV/cm. A smaller but still large enhancement (a 6-fold increase in 
the d31) was found in the freestanding film samples with a Cu layer. The thickness of 
the Cu layer affects the magnitude of the enhancement. A thicker Cu layer hindered 
the domain switching in the film so as to decrease the magnitude of the enhancement 
in the films’ piezoelectric response. There seemed to be a critical Cu thickness above 
which the Cu starts to affect the magnitude of the enhancement effect. The behavior 
of the dielectric constant under DC electric fields also showed that it was more 
difficult to reverse the non-180° domains in the freestanding film with a thicker Cu 
layer than in those with a thinner Cu layer. In-situ XRD revealed easier domain 
switching in the freestanding film than in the bulk material. The ease of domain 
switching and some relaxed domains after poling may contribute to the large 
enhancement effect. Another important observation was that the freestanding films 
suffered more element losses than the bulk counterpart due to their small thicknesses, 
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resulting in the lowering in both of the density and the grain size of the NKLNSb4 
films. 
 
6.2 Recommended future work 
Based on the results we accumulated in this thesis study, we suggest the 
following work to be performed in the future: 
1) Introduce excess Na, K and Sb for NKLNSb-based freestanding film 
fabrication to compensate for the elemental losses during the sintering of the 
film. The elemental losses observed in the freestanding films greatly reduced 
the density and grain size of the film, especially for the 20 µm one, whose 
properties were too poor to be characterized for the field enhancement effect. 
2) Identify the threshold thickness of the NKLNSb4 freestanding film for 
the E-field enhancement effect to be observed. It is conceivable that as the 
freestanding film thickness increases above this threshold so its geometry 
becomes closer to closer to a bulk material, it will start to behave as a bulk 
material and the large enhancement disappears as demonstrated by the bulk 
NKLNSb4 in Chapter 5. Therefore, it is of great importance to identify this 
thickness in order to practically utilize this effect in real-life applications.  
3) Identify the critical thickness for the electrode layer, in order to 
eliminate the constraint effect of the electrode to the large enhancement of the 
freestanding films.   
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4) Use piezoelectric force microscopy (PFM) to quantitatively visualize 
the domain switching behavior of the freestanding films under an applied E 
field. This technique could provide direct evidence of non-180° domain 
switching in the freestanding film as it has been demonstrated in the case of 
PMN-PT.
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5) Use structural characterization tools such as X-ray diffraction from 
Synchrotron radiation that have better line resolution to clarify the domain 
switching behavior of the freestanding film under E field. The NKLNSb4 is a 
material that was modified from a MPB composition of NKN-LiNbO3. The 
relatively low resolution of the traditional XRD causes certain degree of 
overlapping of the diffraction peaks of the coexisting orthorhombic and 
tetragonal phases, which makes the intensity change of the individual peaks 
less visible. The high resolution capability of Synchrotron radiation may help 
to solve this problem. 
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APPENDIX A: DEDUCTION OF d31 USING IN-SITU XRD RESULTS OF 40-
µm NKLNSb4 FREESTANDING FILMS 
 
 
The transverse piezoelectric coefficient d31 of a piezoelectric ceramic can be 
deduced from the in-situ XRD patterns of the material. This has been demonstrated in 
the cases of PZT and PMN-PT.  
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Figure A.1: A schematic of the domain orientations in NKLNSb4 
freestanding films: (1) tetragonal c-domain; (2) tetragonal a-domain with its 
c edge along the y axis; (3) tetragonal a-domain with its b edge along the y 
axis; (4) orthorhombic b-domain with its c edge along the y axis; (5) 
orthorhombic c-domain with its b edge along the y axis; (6) orthorhombic c-
domain with its a edge along the y axis. 
x 
y 
z 
Tetragonal domains Orthorhombic domains 
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During the in-situ XRD experiment, the freestanding film plane is the XRD 
plane. For the sake of simplicity, we call the domains that are oriented perpendicular 
to this plane the c-domains, and those oriented parallel to this plane the a-domains or 
b-domains, depending upon the specific axis of the unit cell normal to the plane. In 
the NKLNSb4 freestanding film, there are orthorhombic and tetragonal phases 
coexisting, so there are six possible scenarios for domain orientations as illustrated in 
Figure A.1. In Figure A.1, the xy plane is assumed to be the film plane. When an 
external DC electric field is applied along the film thickness direction (the z 
direction), the converse piezoelectric effect generates lateral strain in the y direction 
(also in the x direction of course). Using the lattice parameters and the orthorhombic 
and tetragonal phase fractions obtained from the in-situ XRD patterns, we can obtain 
the overall average unit cell length 𝐿 along the y direction. By comparing the 𝐿 before 
and after applying the electric field, the field-induced lateral strain in the y direction 
𝜀𝑦  can be estimated using equation A.1: 
𝜀𝑦 =
𝐿 𝐸 − 𝐿 0 
𝐿 0 
          (𝐴. 1) 
Hence the d31 can be deduced by equation 5.1. For the tetragonal phase, the 
lattice parameters have: 𝑎=𝑏<𝑐. For the orthorhombic phase, 𝑎=𝑐>𝑏. According to 
Figure A.1, the average unit cell length can be calculated using the following 
equation: 
𝐿 = 𝑎𝑇𝑓𝑐
𝑇 + 𝑐𝑇
𝑓𝑎
𝑇
2
+ 𝑎𝑇
𝑓𝑎
𝑇
2
+ 𝑐𝑂𝑓𝑏
𝑂 + 𝑏𝑂
𝑓𝑐
𝑂
2
+ 𝑐𝑂
𝑓𝑐
𝑂
2
          (𝐴. 2) 
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where 𝑓𝑐
𝑇  and  𝑓𝑎
𝑇  are the fractions of tetragonal c-domains and a-domains, 
respectively; 𝑓𝑏
𝑂  and 𝑓𝑐
𝑂  are the fractions of the orthorhombic b-domains and c-
domains, respectively; 𝑎𝑇  and 𝑐𝑇  are the lattice parameters for the tetragonal phase 
and 𝑏𝑂 and 𝑐𝑂  are the lattice parameters of the orthorhombic phase.  
In the calculation of 𝐿, we assumed the lattice parameters remained constant 
before and after applying the E field, which is reasonable since there was no evident 
peak shifting observed during the in-situ XRD experiment. The phase fractions and 
the lattice parameters were obtained from the peak de-convolution analysis for the in-
situ XRD patterns (Figure 5.20), shown in Figure A.2. These parameters along with 
the deduced strain and d31 are listed in Table A.1. The deduced -d31 was ~300 pm/V, 
much smaller than the large -d31 shown in Figure 5.7 and Figure 5.13. 
 
Table A.1 Lattice parameters and phase fractions obtained from the in-situ XRD 
patterns of the poled 40-µm NKLNSb4 freestanding film at 0 kV/cm and 10 kV/cm 
by peak de-convolution analysis. 
 Lattice parameters (Å) Phase fractions 
𝐿(Å) 𝜀𝑦 
-d31 
 
(pm/V) 
E  
field 
(kV/cm) 
𝑎𝑇  𝑐𝑇  𝑏𝑂 𝑐𝑂  𝑓𝑐
𝑇  𝑓𝑎
𝑇  𝑓𝐶
𝑂  𝑓𝑏
𝑂  
0 
3.943 4.003 3.966 3.980 
0.33 0.47 0.11 0.10 3.9640 --- --- 
10 0.37 0.45 0.10 0.08 3.9627 -0.033% 330 
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Figure A.2 Peak de-convolution results for the in-situ XRD patterns of the 
poled 40-µm NKLNSb4 freestanding film at 0 kV/cm and 10 kV/cm. 
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